PHYSICAL REVIEW B 103, 024445 (2021)

Topological Hall effect and magnetic states in the Nowotny chimney ladder compound Cr;;Gey
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We have investigated the magnetic and charge transport properties of single crystals of the Nowotny chimney
ladder compound Cr;;Ge;9 and mapped out a comprehensive phase diagram reflecting the complicated interplay
between the Dzyaloshinskii-Moriya (DM) interaction, the dipolar interaction, and the magnetic anisotropy. We
have identified a set of interesting magnetic phases and attributed a finite topological Hall effect to the recently
discovered biskyrmion phase. These data also suggest the existence of an antiskyrmion state at finite fields for
temperatures just below the magnetic ordering temperature 7, as indicated by a distinct change in sign of the
topological Hall effect. Above T, we discovered a region of enhanced magnetic response corresponding to a
disordered phase likely existing near the ferromagnetic critical point under small magnetic fields. Strong spin
chirality fluctuations are demonstrated by the large value of the topological Hall resistivity persisting up to
1 T, which is most likely due to the existence of the DM interaction. We argue that changes to the topological
Hall effect correspond to different topological spin textures that are controlled by magnetic dipolar and DM

interactions that vary in importance with temperature.
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I. INTRODUCTION

Skyrmions and antiskyrmions are nanoscale particlelike
spin textures found in a variety of systems from chiral
structured magnets to thin ferromagnetic films [1-3]. Each
skyrmion or antiskyrmion carries a positive or negative topo-
logical charge known as the scalar spin chirality. When a
skyrmion meets an antiskyrmion, they are expected to anni-
hilate and emit magnons [4], in analogy to the annihilation
of matter and antimatter generating electromagnetic radia-
tion. These topological magnetic spin textures possess a net
scalar spin chirality which is implicitly determined by the
crystal structure and dominant magnetic interactions. For in-
stance, skyrmion phases in chiral magnets are caused by
the isotropic Dzyaloshinskii-Moriya (DM) interaction [5,6],
while antiskyrmions found in some Heusler alloys are due to
an anisotropic DM interaction with opposite signs along the x
and y axes [7,8] that is favored by the D,; crystal symmetry.
Moreover, in many centrosymmetric magnets in the absence
of the DM interaction, the interplay between the dipolar in-
teraction and the magnetic anisotropy leads to the formation
of biskyrmions, a bound pair of skyrmions with opposite he-
licity [9—12]. In principle, one could tune the anisotropic DM
interaction with respect to the dipolar energies and magnetic
anisotropies to create a transition between skyrmion states and
antiskyrmion states. Recently, it was reported [13,14] that a
topological transformation from antiskyrmions to skyrmions
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occurs in noncentrosymmetric Mn 4Pty 9Pdg.; Sn, making the
Dy, systems especially interesting.

Among the few topological magnetic materials known,
Cr;1Geyg is unique as it is the first noncentrosymmetric com-
pound found to host a biskyrmion spin texture [15]. Its crystal
structure contains fourfold helices of Cr atoms along the ¢
axis with separate helices of Ge nested inside [Figs. 1(a)
and 1(b)]. Cr;;Ge9 is one of the two known members of
the Nowotny chimney ladder compounds [16,17] to display
a magnetically ordered ground state. Its crystal structure has
the D,; symmetry thought to support an antisymmetric DM
interaction favoring antiskyrmion formation, as is the case in
the tetragonal Heusler compound Mn; 4Pty 9Pdp Sn [7]. In
contrast to the expectation of antiskyrmions, only biskyrmions
were reported in a recent Lorentz transmission electron mi-
croscopy (LTEM) experiment performed on a thin lamella at
6 K and a field of 40 mT, suggesting the dominance of dipolar
interactions [15]. Generally, the magnetic dipolar interaction
is long ranged and can be screened by spin fluctuations as
the system approaches the magnetic transition temperature,
while the DM interaction is thought to be temperature inde-
pendent. This provides an opportunity to tune the strength of
the relevant interactions with temperature and sample geome-
try in anticipation of a topological phase of antiskyrmions in
Cr1Ge9 when the DM interaction is dominant.

In this paper, we report an extensive investigation of
the magnetic and charge transport properties of high-quality
Cr1Geyg single crystals. We have mapped out a compre-
hensive phase diagram and indicate a set of interesting
magnetic phases in Cr;;Gejg that are dependent on tempera-
ture and field. These data suggest that the recently discovered
biskyrmion phase [15] of this material is just one of several
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FIG. 1. Crystal structure, morphology, and skyrmion schematics.
Crystal structure of Cr;;Gejg (a) along the ¢ axis and (b) in the ab
plane. Orange (blue) spheres are Cr (Ge) atoms. The arrows represent
the direction of rotation of the Ge helices. The surrounding Cr helices
have the opposite sense of rotation. (c) Picture of a Cr,;Ge 9 crystal.
The box size on the graph paper is 1 x 1 mm?. (d) In-plane spin
configuration of an antiskyrmion and a biskyrmion pair. The red
color represents spin up, while purple color corresponds to spin
down.

interesting magnetic phases. A tendency for the redistribution
of spin textures towards the stripe ordered state is suggested
at low temperatures, while a strongly fluctuating phase (or
region) at small magnetic fields and above the magnetic or-
dering temperature is indicated by the magnetic susceptibility.
Based on measurements of the topological Hall effect (THE),
we speculate that an antiskyrmion phase exists at finite fields
and temperatures approaching the magnetic ordering temper-
ature 7 that is highly favored by the crystalline structure.

II. SAMPLE PREPARATION AND EXPERIMENTAL
METHODS

Single crystals of Cri;Ge;9 were grown by a chemical
vapor transport (CVT) method making use of the natural
temperature gradient of a tube furnace. About 2.5 g of Cr and
Ge powder were sealed in a quartz tube with a molar ratio
of 45 : 55 [18]. About 70-100 mg iodine (2.2 mg/cm?) was
used as transfer agent. The temperature was maintained at
880°C at the deposition zone and 750 °C at the source end.
After 1-month growth, single crystals of Cr;;Ge 9 of average
size 1 x 1 x 0.5mm were obtained. In addition to crystals
of Cry;Geyo, the deposition zone contained single crystals of
other phases such as CrGe and pure Ge. Crystals of Cri;Geg

TABLE I. Single-crystal refinements for Cr;;Gejg at 296(2) K.

Value

Refined formula Cr;1Geqg
Formula weight (g/mol) 1951.21
Space group; Z P4n2; 4
a(A) 5.801(3)
b(A) 5.801(3)
c(A) 52.38(3)
Volume (A%) 1762.7(18)
Extinction coefficient 0.00080(7)
6 range (deg) 0.777-33.046

No. of reflections; R;,, 12029; 0.0377

No. of independent reflections 3218

No. of parameters 142

Ry wR, [1 > 28(1)] 0.0531; 0.1389
Goodness of fit 1.286
Diffraction peak and hole (e/A?) 2.073; =3.111
Absolute structure parameter 0.5(1)

were obtained when the deposition zone was maintained at
1100°C.

Cry;Gejg crystals grown via this method are typically
in the shape of a flat-top pyramid as shown in Fig. 1(c).
We measured the chemical composition of these crystals
via energy-dispersive x-ray spectroscopy (EDX) spectra with
the composition determined to be Crsg3122Geg) 7427, well
within the range expected for a Nowotny chimney ladder com-
pound and in accordance with the previous reports [18,19].
The crystal structure and orientation are determined through
single-crystal x-ray diffraction. The single-crystal refinements
for Cry1Ge 9 are summarized in Table 1.

Temperature- and field-dependent dc magnetization and
ac susceptibility measurements were performed on a Quan-
tum Design (QD) Magnetic Property Measurement System
(MPMS). No corrections for demagnetizing fields have been
performed. The resistivity and Hall measurements were car-
ried out in a QD Physical Property Measurement System
(PPMS). Thin platinum wires were attached to polished sur-
faces of single crystals via conductive epoxy (Epo-Tek H20E)
for charge transport measurements. Resistivity and Hall effect
measurements were performed using standard four-terminal
low-frequency ac techniques using a current of 20 mA at
17 Hz. Field reversal in the Hall measurements was used
to compensate for any misalignment of the leads through
subtraction of the symmetric part of the field response. The
dimension of this crystal was about 1 x 0.83 x 0.093 mm?,
and the applied current density was 0.21 x 10" A/m?.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

A. Magnetization and susceptibility

We first present the magnetic field, H, dependence of the
magnetization M, with H parallel and perpendicular to the
c axis at 50 K, in Fig. 2(a). The different saturation fields
of M for H || ¢ and H | ab indicate an easy-axis magnetic
anisotropy along the c¢ axis. The saturated magnetic moment
is small, ~0.6 up, at 50 K and 5 T, consistent with previ-
ous reports [15,18-20]. In Fig. 2(b), we display a series of
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FIG. 2. Magnetization. (a) Field dependence, H, of the magneti-
zation M. Solid (dashed) lines represent the case where the applied
field is along (perpendicular to) the ¢ axis. (b) Magnetization loops
measured at a series of temperatures after field cooling at 5 T.

magnetization loops with H || ¢ at a variety of temperatures
after the same field-cooling (FC) process at 5 T. We do
not observe any remnant magnetic moment at zero field or
a ferromagnetic hysteresis outside of a small antihysteresis
loop induced by trapped flux in the superconducting mag-
net [21,22], which is too small to be seen in Fig. 2(b). The
absence of a remnant magnetic moment, along with the easy-
axis anisotropy, implies that the macroscopic magnetization
is completely compensated among regions with different spin
orientations, which can be either a ferromagnetic ordering
with very soft domainlike structure or a periodically modu-
lated ordered state such as a long-period spin density wave or
stripe domain order with chiral Bloch domain walls.

Figure 3(a) displays the dc magnetic susceptibility, M/H,
along with the inverse susceptibility 1/x = H/M for H =
0.01 and 1 T along the ¢ axis. The magnetic transition temper-
ature 7, is 83 K. We notice that there is a small anomaly where
the data deviate significantly from a simple Curie-Weiss (CW)
form for T < 110K as demonstrated in Fig. 3(b), where M/H
is presented on a logarithmic scale. A fit of the Curie-Weiss
formula is illustrated by the solid black curve. The effective
magnetic moment determined from the best-fit CW form is
about 2.7 £ 0.3 pup. A comparison of this effective moment
with the saturated magnetic moment found in the data of
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FIG. 3. (a) dc magnetization, M/H, and its inverse, 1/, at 0.01
and 1 T. (b) M/H at H = 0.01 T on the log scale. The black curve is
a fit of the Curie-Weiss form to the data. ZFC, zero-field cooling.

Fig. 2 reveals a Rhodes-Wohlfarth ratio pieg/ s ~ 4.5 re-
vealing a weakly itinerant character. The Weiss temperature
Ow is 100 & 2 K, higher than 7, but substantially below the
temperature where the anomaly in M/H is observed. In gen-
eral, the Curie-Weiss law describes the magnetic instability
of a thermally disordered spin system at a mean-field level,
which is expected not to be accurate in proximity to 7; due to
the existence of critical fluctuations. For ferromagnetic (FM)
materials with critical fluctuations, M/H can diverge at tem-
peratures exceeding ®y . However, there are also exceptions
such as Sr(Co;_,Ni,)»As, [23], where a helical magnetic
order is established at a temperature below ®y in the pres-
ence of magnetic frustration. We argue that the anomaly at
110 K is unlikely to be due to a second phase as there are
no Cr-Ge compounds with a magnetic transition temperature
in this range. However, local defects can be induced by the
relative sliding between the highly incommensurate Cr and Ge
helices. It is possible that these defects promote a tendency
for local enhancement of the magnetization as is observed
in magnetic Griffiths phases discovered in disordered mag-
netic systems [24,25]. The range of ordering temperatures
(70-90 K) reported for this compound is likely a result of
small differences in stoichiometry between samples grown
under different conditions [18-20], with the level of disorder
strongly tied to these differences in stoichiometry.

To further characterize the magnetic properties of
Cr;1Geyg, we explored the temperature dependence of the
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FIG. 4. Temperature and field dependence of the ac suscepti-
bility. (a)—(c) Real part of the ac susceptibility x' in Cr;;Geq at
magnetic fields H identified at the top of the figure. (b) and (c) are
the magnification of the two regions enclosed by purple and brown
rectangles in (a). (d) The corresponding imaginary part of the ac
susceptibility x” of Crj;Geyy. The vertical dashed lines represent 7.
atH = 0.

real, x’, and imaginary, x”, parts of the ac susceptibility under
a series of magnetic fields parallel to the ¢ axis as shown
in Figs. 4(a) and 4(d). In Fig. 4(a), x’ taken at zero field
diverges as the temperature approaches 7, from above, and it
exhibits a nearly constant value below 7, suggesting a strongly
polarizable state. The principal maximum in x’ is suppressed
and shifts to lower temperatures as the field increases, while
a small peak remains near the zero-field 7. This is similar to
what was observed in FM AuFe [26], in which the principal
maximum is associated with the motion of domain walls while
the small peak around 7 is promoted by the applied field as
shown in Fig. 4(c). While the magnitude of this peak is sup-
pressed by the applied magnetic field, it is still observable up
to 1 T, separating the nearly polarized FM (NPFM) state and
the high-temperature paramagnetic (PM) phase. In Fig. 4(b), a
small decrease in x’ is indicated by arrows below 30 K at 0 T
and 20 mT. We associate these features with a change in, or
stabilization of, the magnetic domains. On the other hand, x”
in Fig. 4(d) displays a strong peak near 7, for H < 40 mT. An
unusual enhancement of x” with cooling below 30 K at low
H was also observed, consistent with a change in the structure
and dynamics of magnetic domains in this temperature range.
Both of these features disappear above 0.1 T, suggesting that
they are associated with phases located in the low-field region.
It is interesting to study the frequency dependence of the ac
susceptibility to unveil the slow dynamics.

In Figs. 5(a) and 5(c), the field dependence of x’ and x” is
presented at a series of temperatures. The magnitude of x’ at
zero field is relatively unchanged below T, = 83 K, in accor-
dance with the temperature-dependent x’ in Fig. 4(a). As the
field increases, x’ is gradually suppressed to zero in the NPFM

el
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FIG. 5. Field dependence of the ac susceptibility. (a) Field de-
pendence of x’ with the field along the ¢ axis at temperatures T
identified at the top of the figure. (b) The corresponding derivative
—dx’/dH. The maximum defines the critical field, which is labeled
as H,; in (a). Note that a second peak appears around 0.05 T when
the main peak shifts toward zero field as the temperatures increase.
The second peak in —d x’/dH leads to the broad feature of x'(H)
above T, in (a). (c) The imaginary susceptibility x” as a function of
the magnetic field at the corresponding temperatures.

state at H > 0.1 T and T < T.. We define the critical field
H,, by the peaks in —dyx’/dH as shown in Fig. 5(b). From
Fig. 5(b), it is clear that H,; is reduced to zero as the tempera-
ture approaches 7. By contrast, an extra contribution to x'(H)
appears for H < 0.05 T at temperatures close to 7. Again,
we define H., as the characteristic field from —dx’/dH in
Fig. 5(b). This additional contribution in x’ at small fields
(H < Hy,) is responsible for the anomaly observed in the dc
susceptibility at 0.01 T and above T, [Fig. 3(b)].

In order to present a complete overview of the magnetic
susceptibility of Cri;Gejg as a function of temperature and
magnetic field along the ¢ axis, we display a H-T color con-
tour plot of x’ and x” in Figs. 6(a) and 6(b). x' is shown
on a log scale in Fig. 6(a) to highlight features with small
magnitude. In Fig. 6(a), a red-colored ridge with high in-
tensity is located between the NPFM phase and the high-T
paramagnetic state and can be tracked back to 7, at zero field.
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FIG. 6. ac and dc susceptibility. (a) and (b) Color plots of the
real, x’, and imaginary, x”, ac susceptibility as functions of magnetic
field H and temperature T from the data in Fig. 5. (¢) and (d) The dc
susceptibility, dM/dH, of Cr;;Gejg shown in small and large field
scales as a comparison.

This ridge corresponds to small peaks around 7. in x'(T)
in Fig. 4(c). Moreover, the large values (red area) at small
fields appear to continue through the ridge at 7, so that there
is substantial intensity above T.. Furthermore, it was found
that the imaginary part of the ac susceptibility x” behaves
differently above and below 30 K in the low-field region. In
Figs. 6(c) and 6(d), the dc susceptibility, dM/dH, shares the
same essential features as x’. The red-colored ridge at low
fields becomes diffuse as the field increases and but is still
distinguishable up to 1 T [Fig. 6(d)].

In addition to the data presented above for fields oriented
parallel to the ¢ axis, we have also explored the magnetic
response for fields along the ab plane. In Fig. 7, we display the
temperature dependence of x/, and x/, of Cri;Geg at a series
of magnetic fields. x/'(T') at zero field displays a continuous
decrease as the temperature is reduced from T, unlike the
plateau seen at zero field in Fig. 4(a). The differences seen
here and in Fig. 4(a) for H = 0 are indicative of the intrinsic
anisotropy of Cr;;Gejg as the only difference between these
two measurements is the direction of the small ac magnetic
fields. Moreover, the evolution of the principal maximum and
a secondary peak around 7 is similar to that observed in x’
with H parallel to c. The imaginary part, x,, however, is
featureless within the uncertainty of our measurements. In a
previous report on polycrystals, a broad peak and a shoulder
were observed under magnetic fields and were interpreted as
a manifestation of both the itinerant and local moments [19].
With the consideration of both field parallel and field perpen-
dicular to the c¢ axis, our measurements on single crystal are
consistent with the previous observation but suggest different
origins.

1.2 : .

< @ Hila |

© o8l

S

s |

g 0.4]

[ L

§ 0_:_\\’_};__:_:£:

X102 o) o1 — 05T

< — 01T —— 07T

o 10 — o227 1T

il 0357

(@)

€ 5

: c

o) VW\ 4%

Qo 0&\_ VAV, s>

| .\M". )
0 50 100 150

T (K)

FIG. 7. ac susceptibility with field in the ab plane. (a) The tem-
perature dependence of the real part of the ac susceptibility x’ under
magnetic fields parallel to the a axis. (b) The corresponding imagi-
nary part of the ac susceptibility x” as a function of temperature.

B. Charge transport measurements

In this section, we will present the results of transport mea-
surements performed on the same single crystal of Cr;;Gejg
with a focus on the topological Hall effect. The resistivity of
Cry1Ge9 with current along the ab plane is measured at zero
field as a function of temperature as shown in Fig. 8(a). The
resistivity is reduced as the temperature decreases, indicat-
ing a metallic behavior. The residual-resistivity ratio (RRR),
taken as the ratio of the resistivity at 300 K to that at 10 K,
(300 K)/ 0, (10 K), is about 19, with the resistivity con-
tinuing to decline significantly even for temperatures below
10 K. The derivative, dp,,/dT, is also plotted as the blue
curve in Fig. 8(a). A dramatic increase in dp,./dT below
the magnetic transition temperature 7, indicates a reduction in
the magnetic fluctuations with ordering causing a decrease in
the resistivity with cooling. A slight downturn in d p,,/dT was
observed below 20 K, indicating the loss of a mechanism for
carrier scattering at low temperatures. In Fig. 8(b), we present
the electric conductivity o as 1/p,,. The value of o is less
than 10* (2 cm)~' above 50 K and quickly increases below
this temperature.

Because the THE is a leading indicator for the existence
of nontrivial spin textures, we measured the topological Hall
resistivity T of Cry;Gejo through a series of measurements
of M(H ), Hall resistivity p,,, and magnetoresistance (MR) on
the same single crystal with the same field orientation along
the ¢ axis.
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FIG. 8. Resistivity and conductivity. (a) The resistivity p,, mea-
sured with the current in the ab plane. The blue curve is the derivative
dp,,/dT. (b) The corresponding electric conductivity, o = 1/p,,, as
a function of the temperature.

In Fig. 9, we present the transverse magnetoresistance,
Ap(H)/ per(0) = %@f)w) with! L candH | cforT <
T, [Figs. 9(a) and 9(b)] and T > T, [Figs. 9(c) and 9(d)]. A
negative MR [27], which is characteristic of ferromagnetic
materials, is observed, reflecting the suppression of electron-
spin scattering by the applied magnetic field. We expand the
low-field region of the magnetoresistance in Fig. 9(b) for
T < T.. Itis clearly seen that the resistivity is nearly constant
below H,; and then quickly drops as the system enters into the
NPFM phase. Although there is no magnetic order for T > T,
a convex MR is still observed with a characteristic field illus-
trated by the dashed lines in Fig. 9(d). This characteristic field
increases as the temperature increases. At higher magnetic
field, a concave behavior of the MR is restored [Fig. 9(c)].

The temperature dependence of the MR is shown in
Fig. 10, in which we plot Ap,(H)/p.(0) as a function of
temperature at H = 0.5, 2, and 5 T. The local minimum of the
MR around 7; indicates a significant contribution of spin fluc-
tuations. We find a significant and unexpected enhancement
of the negative MR below 50 K. This effect is particularly
significant at high fields as demonstrated by the MR at 5 T in
Fig. 10. Furthermore, a slight upturn of MR below 15 K is also
observed, indicating either a subsidence of the mechanism
causing the negative MR or an additional positive contribution
at low T'. These results are consistent with a previous obser-
vation [20].

In Fig. 11, we display M and p,, of the same single crystal
as a function of the field along the ¢ axis for a series of tem-
peratures. The Hall effect of magnetic materials is commonly
written as [10,11]

Pry = RoB + Sap; M+ p. (1)

in which p,, is the longitudinal resistivity, Ry and S4 are the
normal and anomalous Hall coefficients, respectively, and B
represents the magnetic flux density. In this analysis we have
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FIG. 9. Magnetoresistance, Ap,.(H)/px(0), on a large and a
small scale to highlight the regime of low field H for temperatures
below 7. [(a) and (b)] and above T. [(c) and (d)], respectively. The
field is applied along the c axis, and the current is in the ab plane. p,,
is defined as the resistivity.

ignored contributions from skew scattering to the anomalous
Hall resistivity, which is linear in p,,, since it is expected to
be insignificant [28] when o, is smaller than 10%(Qcm)~!,
as suggested in Fig. 8(b). In order to estimate the coefficients

Ry and Sy, we plot % \& pXZI;M in Fig. 12(a). In the high field
range (H > 1T), where any contribution from a topological
contribution to the Hall effect will likely be very small, the

Hall resistivity is expected to obey the standard form of %

05T,

=0.08 Y
X - T - 2T
20.12} :
< Tc  © 6T

0 50 100 150 200
T(K)

FIG. 10. Temperature dependence of the magnetoresistance,
pu(H, T)/px(0, T), at magnetic fields H = 0.5, 2, and 5 T. The
vertical dashed line represents 7, at zero field.
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2
=Ry + Sy 2 *IQM allowing an accurate determination of Ry and

S4. This form is represented in Fig. 12(a) as solid lines. It is
clear from the figure that the data are largely described by
this form. However, substantial deviation is apparent at lower
fields, between 0.2 and 1 T, such that a substantial mismatch
was observed between the linear form and the data. The values
of Ry and S, that result from the fitting procedure are shown
in Fig. 12(b).

With Ry and S, determined in this manner, we have calcu-
lated the Hall signal expected over the entire range of fields
measured using Eq. (1) without the topological Hall term as
presented for two temperatures in Fig. 13. The difference
is ascribed to the topological Hall term, p”. To establish
the repeatability of our determination of the topological Hall
term, we performed the same sequence of measurements on a
second crystal of Cr;;Ge g having a somewhat different 7, =
74 K. The results are largely similar, including reproducing
the values of Ry and Sy, except that the positive p7 at low
fields and low temperature (H < T;;, T < T.) as denoted by
the red arrow in Fig. 13(b) is absent in sample 2. We argue
that the different thickness (0.18 mm) and current densities
(0.06 x 107 A/m?) may be responsible for the difference in
pT at temperatures below 7. at low fields.

In Fig. 14, we plot the resultant p? for sample 1 as a
function of field in large (0 < H < 5T) [Fig. 14(a)] and small
(0 < H < 0.47T) [Fig. 14(b)] field scales. We find that in spite
of a complicated field and temperature dependence, the p”
display a clear response to the critical field H,; in Fig. 14(b),
implying a change in the underlying spin texture. To illustrate
the evolution of p” with the field and temperature, we present
a H-T color contour plot of p” in Fig. 15(a). The red (blue)
color corresponds to values of p” that are positive (negative).
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FIG. 12. (a) % Vs "XZ;{—‘M curves for various temperatures. Solid
lines are the fits of a linear form to the data at H > 1T. (b) The
normal, Ry, and anomalous, S,, Hall coefficients obtained from the
fits demonstrated in (a). The error bars represent errors of the fit.

Figure 15(b) displays the same data on a magnified field scale
to highlight the low-field region. The white lines are the phase
boundaries separating the polarizable low-field, NPFM, and
high-T PM phases. Apparently, p? changes sign near the
boundaries of the magnetic phases, as well as displaying a
positive value below 30 K where the negative contribution to
the MR grows, and the values of Ry and S4 display significant
and unexpected temperature dependence. This can be further
confirmed in the T dependence of p” as shown in Fig. 15(c),
in which p7 (T) is presented for several fields and where p” is
observed to cross the x axis twice in the temperature range 30
K < T < 100K for H = 0.05,0.2, 0.4, and 1 T. Furthermore,
the maximum of p” (T') found just above T, moves towards
high temperatures as the field increases, following the evolu-
tion of 7, determined by the peak of the ac susceptibility, as
indicated by the arrows.

In Fig. 16, we plot a schematic phase diagram as a sum-
mary of our magnetic and charge transport measurements.
Regions I, II, and III are the three main phases, referring
to the polarizable low-field phase, the NPFM phase, and the
high-T PM states, respectively. Region 1II is further split into
regions II-R and II-L. In the latter, the Hall constants Ry and
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H (T)

FIG. 13. Hall resistivity py, (blue) and the best-fit result of % =

Ry + SA”XZ;T‘M to these data at high fields. The difference, plotted as

red circles, is interpreted as the THE, p”. Insets: Magnification of
the regions indicated by the blue shading.
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FIG. 14. Topological Hall resistivity. (a) The estimated topologi-
cal Hall resistivity p” at different temperatures. (b) Magnification of
the low-field region in (a).
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FIG. 15. Temperature and field dependence of the topological
Hall resistivity. (a) Magnetic field H and temperature 7' dependence
of the topological Hall resistivity p?. (b) o shown on a smaller field
scale to emphasize the features at low fields. The white curves are
the boundaries separating the polarizable low-field, NPFM state, and
high-T, PM phases. (c) T dependence of p7 at a few selected fields.
The arrows represent the locations where x’ displays a maximum at
the corresponding fields.

S4 and the MR display significant changes, suggesting that
there may be changes to the underlying electronic structure. In
region I below 30 K, the ac magnetic susceptibility is slightly
reduced, while a large enhancement of x” is observed. It
remains an open question whether these observations signal a
new phase. However, we denote this as region V to leave open
this possibility and to speculate that a magnetic texture may be
forming in this region. In addition, we identify an additional
phase as region IV just above T, and below H,, where x’ is
significant.

IV. DISCUSSION AND CONCLUSION

To place the phase diagram of Fig. 16 in context, it is
helpful to recall previous studies on two-dimensional dipolar
ferromagnets [29]. In FM films with an easy-axis anisotropy,
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FIG. 16. Schematic of the magnetic phase diagram determined
from our magnetic and charge transport measurements. Inset: Mag-
nification of the area near the critical point. The symbols represent
the different measurement techniques listed at the top.

it is known that the magnetic dipolar interaction drives the
ground state into stripe ordered domains. When a mag-
netic field is applied, these magnetic stripes break into an
intermediate phase of magnetic bubbles, which ultimately
dissolve into the field-polarized FM state under larger ap-
plied fields [30,31]. In Cr;;Ge,9, the existence of easy-axis
spin anisotropy is demonstrated in Fig. 2(a). While the stripe
domains have not been observed, broken stripes or elongated
bubbles are indeed found in LTEM images of thin lamellae at
6 K and zero field [15]. It is plausible that the ground state of
Cry1Geyy is a stripe order with a zero remnant magnetization
as mentioned above. The idea that the magnetic order becomes
more stripelike at low temperatures corresponds well with the
decreased y’ at low field with a corresponding increase in
x” below 30 K. With these considerations, we speculate that
region V in Fig. 16 is related to the stripe-ordered domain
phase.

Conversely, a disordered magnetic bubble state may be
realized in region I. As a special kind of magnetic bub-
ble, biskyrmions [Fig. 1(d)] are formed from a pair of
skyrmions with opposite helicities via attractive interactions.
Each skyrmion carries a topological charge (scalar spin chi-
rality) defined as Q = ;- [ d?r(8;m x d,m) - m, where m is
aunit vector pointing in the direction of the magnetization. As
a spin-polarized electron passes through the spin texture of a
skyrmion, it experiences an emergent fictitious magnetic field
causing a finite THE. The direction of the fictitious magnetic
field is directly related to the sign of Q, which distinguishes
skyrmions (positive) and antiskyrmions (negative). The THE
from biskyrmions has been observed as a function of field and
temperature in centrosymmetric MnNiGa and MnPdGa sys-
tems [10,11] and is also anticipated in Cr;;Ge9. The positive
THE that we observe in region I suggests that biskyrmions
may be present. However, the temperature range of region I
does not agree with the observation in the LTEM images, in
which biskyrmions were seen at 6 K. We speculate that this
may be due to the small thickness of the LTEM sample, which

allows dipolar fields to stabilize these skyrmion features [32],
whereas in our bulk crystalline samples, the effect of these
fields is expected to be smaller. Furthermore, since the THE
resistivity relies on the fictitious effective field B¢, the local
spin polarization of the charge carriers P, and the normal Hall
coefficient Ry, we compared these values for both the MnNiGa
system and Cr;Gey, finding comparable values of ol. We
conclude that there is a distinct possibility of a biskyrmion
phase in Cri;Ge9 for sample 1 in the region characterized
by a positive p7. In addition, the decreased THE in region
V suggests that for bulk samples the magnetic bubble phase
transitions to a fully formed magnetic stripe phase at low tem-
peratures. Therefore we attribute region I to the biskyrmion
state in Cry;Gejg.

Next, we turn our attention to region II-R at intermediate
temperatures and magnetic fields. Across the boundary be-
tween regions I and II-R, we can clearly see a sign change
of p” from positive in region I to negative in region II-R at
temperatures 60 K < 7" < 80K. The sign reversal is sharp
and deep for temperatures within 5 K of 7,. Sign reversal
in p? near 7. was previously reported in MnGe [33] and
recently explained as the competition between the THE from
the skyrmion lattice and skew scattering from chiral fluctu-
ations [34]. A similar phenomenon observed here suggests
that this mechanism may also apply as we have speculated
that biskyrmions may be present and where LTEM images
indicate biskyrmions in thin samples. We note that at 80 K,
there are distinct contributions to the negative THE at low and
high fields suggesting different origins.

In noncentrosymmetric magnetic materials with spin-
orbital coupling, the Dzyaloshinskii-Moriya (DM) interaction
in the absence of inversion symmetry is responsible for many
interesting magnetic configurations and slow dynamics. In
CrGey9, while the spin dipolar interaction plays a significant
role in the formation of biskyrmions at low temperatures, it
is expected to be weak or even absent in the vicinity of T
due to the fast spin fluctuations. Near 7, it is anticipated that
the anisotropic DM interaction supported by the D,; crystal
symmetry may impose a strong effect on the spin dynamics
and transport properties. In Figs. 15(a)-15(c), we observed
a large positive p” around 7, which persists deep into the
paramagnetic phase in region III. This strongly suggests that
the positive large p7 is induced by thermal fluctuations. Re-
cently, it was proposed that nonzero spin chirality arises as a
consequence of the melting of ferromagnetic order by thermal
fluctuations in the presence of DM interaction. This mech-
anism was observed in two different ferromagnetic ultrathin
films of SrRuO;3 and V-doped Sb,Te; where the temperature
dependence of p! shows a maximum at 7, [35]. Our data in
Fig. 15(c) agree with this proposition, and the peak of p”
follows the boundary between the NPFM and PM phases,
which is derived from the ac susceptibility and marked by the
arrows. We note that the evolution between the field-polarized
and PM phases is a crossover instead of a transition under
finite magnetic fields.

The application of an external magnetic field explicitly
breaks time-reversal symmetry of the zero-field Hamiltonian.
Thus the transition between FM and PM phases in a FM
material under a magnetic field does not involve symme-
try breaking. Instead, the order parameter is smeared as a
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crossover, much like a gas-liquid phase crossover at high
pressure rather than a second-order phase transition. As the
system goes from finite fields to zero field at 7., it enters into
the critical region filled by strong fluctuations. In spite of the
absence of symmetry breaking, the spin chirality fluctuations
in the presence of DM interaction introduce a finite topolog-
ical charge density and separate the NPFM and PM states.
We notice that such spin chirality fluctuations persist up to
1 T, above which the NPFM and PM phases are continuously
connected.

Furthermore, unlike the isotropic DM interaction in MnSi
[5,6], the anisotropic DM interaction in Cri;Geg favors the
spin texture of antiskyrmions, which we speculate is the cause
of the robustly negative p” that we discover in both samples
measured. In Figs. 15(a) and 15(b), the broad blue area with
negative THE suggests that it is not an ordinary FM phase
and instead contains topologically nontrivial spin textures.
Specifically, the opposite sign of THE in regions I and II-R
represents different topological charges and implies that anti-
skyrmions may exist in region II-R for finite fields close to T,
where a negative THE is observed. We note that the positive
THE found in region II-L is dependent on details of our data
analysis and differs for the two samples investigated leading to
some ambiguity in the THE in this region of the phase diagram
[36-38].

The DM interaction relies on the electronic structure [39],
which may evolve with temperature below 7. as suggested
by the Hall coefficients (both Ry and S4 show a temperature
dependence) in Fig. 12(b). Interestingly, we also notice that
there is a broad maximum Rj around 7, in Fig. 12(b), and
this may suggest that the Fermi surfaces and low-energy elec-
tronic structure [40] are coupled with the critical fluctuations
[Fig. 10], which may tune the strength of DM interaction in
Cr11Gejg. On the other hand, the magnetic dipolar interaction
is long-range in nature and can be screened by fast mag-
netic fluctuations at temperatures approaching 7;.. These two
factors lead to the dominance of the DM interaction around
T, and a greater importance of dipolar interactions at low
temperatures. Therefore Cr;;Ge 9 provides an ideal platform
to investigate the competition among the dipolar interaction,
DM interaction, and magnetic anisotropy as well as the conse-
quences on the underlying spin textures. Further investigation,
such as small-angle neutron-scattering measurements and a
thorough exploration of LTEM images, is required to con-
firm the existence of the purported antiskyrmion phase in
Cr 11GC 19.

Alternatively, the negative THE in region II-R may also
be interpreted as changing character of the dominant charge
carriers [41] from electronlike to holelike, as suggested by
the change in sign of Ry in Fig. 12(b). However, this cannot
explain the sign change between regions II and III. It is also
unlikely that biskyrmions survive in region II above H,;. In-
stead, we suggest that Cr;;Ge9 is a nearly compensated metal
[42,43] in which the change in sign of R can be attributed to a
change in the relative scattering rates for electrons and holes.

Finally, the magnetic behavior near the FM critical point in
Cry1Geyg is very interesting. In Fig. 16, region IV as magni-

fied in the inset corresponds to a region of enhanced magnetic
susceptibility and has a boundary determined by H., and the
temperature of the anomaly T;,,. The enhanced magnetic sus-
ceptibility in this region is likely not due to simple enhanced
critical fluctuations which are responsible for the ridgelike en-
hancement evident in Fig. 6. Instead, region IV is more likely
a natural extension of the highly polarizable FM domains
in region I. This suggests that spin clusters which fluctuate
substantially in space and time persist well above the melting
point, T, of the magnetic order. The slow dynamics of these
spin clusters may account for the temperature dependence of
the magnetic susceptibility above T. at low fields, much like
that observed in Griffiths phase systems [24,25]. Recently, the
hierarchy of three interactions in MnSi was considered with
the weakest being the cubic anisotropy. Here, the hierarchy
of interactions leads to an unusual critical regime known as
a Brazovskii transition, a fluctuation-induced, weakly first-
order, phase transition [44,45]. Cr;;Gejg clearly does not fit
this description because of the very different crystal sym-
metry. Instead, region IV in the phase diagram of Fig. 16
may be the result of a more complex critical regime that
reflects the complex interactions present in this system. These
interactions include the increasing importance of the uniaxial
anisotropy with cooling and an antisymmetric DM interaction
which prefers an alternating chirality.

In summary, we have carried out a series of magnetic and
charge transport measurements on single crystals of Cr;;Geg
unveiling a rich phase diagram. A set of interesting phases
is postulated from the results of measurements of the ac
susceptibility and the THE adding to the recently discov-
ered biskyrmion phase in this material. A second topological
nontrivial phase is postulated at temperatures approaching
T, which we believe may be an antiskyrmion phase consis-
tent with the crystalline symmetry. In addition, the magnetic
susceptibility at low fields is significantly enhanced above
T., implying a cluster or disordered phase likely due to the
anisotropy, the crystalline disorder, and the DM interaction,
in contrast with that found in MnSi from the weak cubic
anisotropy. Considering the likely difference in the temper-
ature dependencies of the DM interaction and the magnetic
dipolar interaction, we argue that a transition between the
biskyrmion state at low temperature and an antiskyrmion state
near 7, may be realized in Cr{;Ge;q9. This is reminiscent of
LTEM images of Mn; 4Pty oPdoSn [13,14], correlating the
sign change of the THE with the change from biskyrmion to
antiskyrmion phase.
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