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Spin-carrier coupling induced ferromagnetism and giant resistivity peak in EuCd,P,
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EuCd,P; is notable for its unconventional transport: upon cooling the metallic resistivity changes slope and
begins to increase, ultimately 100-fold, before returning to its metallic value. Surprisingly, this giant peak occurs
at 18 K, well above the Néel temperature (7y) of 11.5 K. Using a suite of sensitive probes of magnetism, including
resonant x-ray scattering and magneto-optical polarimetry, we have discovered that ferromagnetic order onsets
above Ty in the temperature range of the resistivity peak. The observation of inverted hysteresis in this regime
shows that ferromagnetism is promoted by coupling of localized spins and itinerant carriers. The resulting carrier
localization is confirmed by optical conductivity measurements.
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I. INTRODUCTION

First glimpses of phase transitions in new materials
are often gained through measurement of the temperature-
dependent resistivity p(7). At a magnetic transition p(T) of
a metal generically exhibits a change in slope with dp/dT
proportional to the heat-capacity anomaly. This behavior is
understood within the Fisher-Langer theory in which en-
hanced quasiparticle scattering appears as a consequence of
critical fluctuations [1]. However, some metallic magnets ex-
hibit features in p(7") more pronounced than a mere change
in slope. For example, resistivity peaks have been reported
recently near the Néel temperature 7y in a number of anti-
ferromagnetic (AFM) europium compounds with the general
formula EuM,C, (M =1In,Cd, C = Sb, As, P) [2-7]. In these
materials magnetism is localized in Eu** layers, which are
separated by low-carrier density itinerant M,C, blocks. They
are notable because density-functional theory predicts that
their low-energy electronic structure and topology are dra-
matically altered by the nature of the magnetic order [8—15]
and that the different magnetic states are close in energy [16]
and are, therefore, experimentally accessible [2,17—19]. This
combination offers the exciting prospect of creating electronic
states hypersensitive to external stimuli.

The resistivity of EuCd,P,, the subject of this paper (see
Sec. I of the Supplemental Material (SI) [20] for sample
preparation and characterization, stands out as an extreme
example of unconventional temperature dependence, quantita-
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tively and qualitatively different from other systems exhibiting
a resistivity peak [5]. As shown in Fig. 1, the metallic
high-temperature resistivity [green in Fig. 1(c)] undergoes a
hundredfold increase with decreasing temperature (blue) and,
subsequently, returns to metallic values (purple). Both the rise
and the fall of the resistance take place well above the Néel
temperature of 11.5 K as determined from the heat-capacity
measurements. The peak value of p, which is found at 18 K
is suppressed by modest magnetic fields, yielding a giant
negative magnetoresistance [5].

Here we use a powerful combination of bespoke magneto-
optical techniques and x-ray scattering to show that the
anomalous resistivity peak does not arise due to antiferro-
magnetism, but it is a consequence of a previously unreported
time-reversal (TR) breaking that takes place above the Néel
temperature. Our results indicate that AFM order is preceded
by the formation of ferromagnetic clusters driven by the in-
teraction of localized spin and itinerant charge degrees of
freedom. The three resistivity regimes depicted in Fig. 1 are
traced to temperature-dependent crossovers from independent
fluctuating clusters to the onset of ferromagnetic order.

II. OPTICAL POLARIMETRY: SYMMETRY BREAKING
ABOVE Ty

We begin by describing our spatially resolved symmetry-
sensitive optical measurements in which we measure the
change in the angle of linear polarization (d¢) as a function
of sample orientation. Since we cannot physically rotate the
sample fixed to piezoelectric scanning stages, we access the
same information by rotating the incoming light polarization

©2023 American Physical Society
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FIG. 1. (a) and (b) The resistivity of EuCd,P, (structure in the
inset) shows a pronounced peak at 18 K. (c) Above 75 K it exhibits
metallic behavior. Data are from Ref. [5].

(¢). Once the experimental setup is carefully aligned to pre-
serve the polarization state (SI, Sec. III [20]), the change of
polarization upon reflection is given by

d¢ ~ A(T)sin{2[¢p — ¢o(T)1} + B(T), ey

where ¢o(T) and ¢o(T) + 7w /2 indicate the directions of
the principal optical axes, and A(T) and B(T) are propor-
tional to birefringence and polar magneto-optical Kerr effect
(PMOKE). These effects arise from the breaking of rotational
symmetry and out-of-plane magnetization M., respectively.
To enhance experimental sensitivity, we modulate 7 at a
frequency f ~ 2 kHz using a second laser beam as a heater,
essentially measuring the temperature derivatives of A and B,
dA and dB [21,22].

This experiment at 2 K reveals a sinusoidal dependence of
d¢ on ¢ [Fig. 2(a), Eq. (1)], corresponding to a nonzero value
of dA and indicating broken rotational symmetry. Figure 2(b)
is a map of the spatial distribution of ¢y, revealing three bire-
fringent domains with 120° between their principal axes [see
Fig. S2(a) of the SI [20] for a histogram of the relative domain
populations]. This observation is consistent with spontaneous
breaking of C3 symmetry at the onset of previously reported
type-A-AFM order (i.e., alternating ferromagnetic layers with
in-plane spins, Ref. [5]) on a triangular lattice.

The first indication of unconventional order in EuCd,P,
is the observation of nonzero dB, indicated by the ¢-
independent offset of the sinusoidal curves in Fig. 2(b). As
mentioned above, this offset demonstrates the existence of an
out-of-plane component of magnetization, M,; we, therefore,
refer to it as dM, for clarity. The dM, map [Fig. 2(c)] shows
that domains of M, and A-AFM order are highly correlated,
suggesting coexistence and strong coupling between the two
forms of order. In contrast, reflectivity is uniform across this
sample region [see Figs. S1(b)-S1d)] in the SI [20]].

The temperature dependence of dA shown in Fig. 2(d)
exhibits an additional surprising feature: The birefringence
that was provisionally attributed to antiferromagnetism does
not vanish at Ty. Rather, with increasing temperature, there is
a discontinuous change in slope at Ty followed by a gradual
decrease in amplitude, showing that C3 symmetry remains
broken above Ty. dM, also remains nonzero above Ty with
the polar Kerr signal changing smoothly through the transi-
tion. We emphasize that both of these signals indicate static
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FIG. 2. (a) Thermally modulated polarization rotation as a func-
tion of incident polarization and corresponding fits [Eq. (1)],
measured at three sample locations (probe: 20 pW, 633 nm; pump:
50 pW, 780 nm, modulated at 2345 Hz). (b) and (c) Maps of (b) prin-
cipal axis orientation and (c) dM,, extracted from the phase and
offset of curves, such as those in (a) (step size: 25 um, light spot
diameter: 5 um). (d) Thermally modulated birefringence amplitude
(teal) and dM, (red) as a function of temperature (7y = 11.5 K).
Both signals onset at ~27y (the inset). (¢) Normalized antiferro-
magnetic [blue; (h, k, 1) = (0,0,0.5)] and ferromagnetic [orange;
(h, k,1)= (0,0, 0.9) with structural scattering subtracted] resonant
elastic x-ray scattering (REXS) as a function of temperature. AFM
scattering onsets sharply at 7y, in contrast to the gradual onset of
ferromagnetism around 2 Ty, emphasized in the logarithmic plot in
the inset.

order and cannot arise due to fluctuations. Zooming in on
the weak feature at ~27y, we see peaks in both temperature-
modulated birefringence and pMOKE [Fig. 2(d), the inset].
Since the temperature-modulated measurements are sensitive
to the temperature derivatives of birefringence and pMOKE,
the peaks in the inset correspond to the onsets of the two-order
parameters. The simultaneous onsets indicate that the order
parameters are likely coupled.

III. RESONANT X-RAY SCATTERING:
FERROMAGNETISM OF Eu** IONS

To help identify the origin of rotational symmetry breaking
above Ty, we employed REXS with photon energy tuned
to the Eu M5 edge (1127.5 eV). The amplitude of the (0 0
0.5) diffraction peak, corresponding to A-AFM order, drops
sharply at Ty = 11.5 K, ruling out A-AFM order as the source
of C; breaking above Ty [Fig. 2(e)]. The ferromagnetic (FM)
peak at (0 O 1) is obscured by the structural one; however, a
fortunate matrix element suppression of the structural Thom-
son scattering at (0 0 0.9) provides a window to the FM
order (for details see the SI, Sec. IV [20]). In contrast with
the AFM onset, the FM order decreases smoothly through 7y
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[Fig. 2(f)], mirroring the d M, (T ) extracted from the pMOKE
signal [Fig. 2(d)], and can be traced up to ~27y (the inset).
We note that our measurements indicate static FM order, in
contrast to short-range fluctuations reported in the sibling
compound EuCd,As; [23].

IV. LINEAR MAGENTO-BIREFRINGENCE: TIME
REVERASL SYMMETRY BREAKING AT ~ 2Ty

Having confirmed the existence of ferromagnetic order for
T > Ty, we turn to the origin of rotational symmetry breaking
above the Néel temperature. In particular, we explore the
idea that the rotational symmetry breaking is caused by an
in-plane component of magnetization M. Although, in prin-
ciple, M can be detected by thermally modulated longitudinal
and transverse Kerr effect [22] measured at a finite incidence
angle, the large birefringence observed at normal incidence
would hinder such experiments. We have, therefore, devel-
oped a new method, based on the linear magneto-optic effect
[24-30], to isolate rotational symmetry breaking associated
with order parameters that break time-reversal symmetry as
well. Specifically, we measure the modulation of birefrin-
gence that is linear in an applied magnetic field; we refer
to this effect as linear magneto-birefringence (LMB), and
parametrize it by the LMB tensor,

o (B v
5r_<y _’B)HZ, @)

where 87 is the change inreflectance, H. is an applied field, and
(1, 0) and (0, 1) correspond to the principal axes at H, = 0. As
a consequence of Onsager’s relation, the LMB tensor vanishes
in TR invariant systems (see the SI, Sec. V [20] for a deriva-
tion), making it a sensitive probe of TR symmetry breaking.

We measure the components of 5r by detecting the change
in reflectivity at the fundamental frequency of an oscillating
H_, applied by a small coil [31]. After careful calibration of
the setup (the SI, Sec. ITII.C [20]), the change in polarization
on reflection that is synchronous with the applied field d¢ ~
AH, sin[2(¢ + ¢¢)] yields the elements of the LMB tensor
through the relations,

1
AP =B +y ¢ =¢o+§arctanz, 3)

B
where ¢ is the principal axes orientation at H, = 0.

Figure 3(a) shows the existence of the LMB in EuCd,P,
at 16 K. The diamonds and circles compare the change in
polarization induced by field and temperature modulation, re-
spectively, and demonstrate a phase shift of 52° between them.
The observation of a phase shift that is not equal to either 0°
or 45° proves that both 8 and y are nonzero [Eq. (3)]. A sym-
metry analysis of the LMB tensor in EuCd,P,, summarized in
Fig. 3(b) and discussed in detail in Sec. V of the SI[20], shows
that the only component of magnetization which can induce a
nonzero y is My, revealing this component of FM order above
Ty, and identifying it as the origin of birefringence above the
AFM transition.

The temperature dependence of the field-modulated ampli-
tude, plotted in Fig. 3(c), shows that the LMB vanishes at
~2Ty, coincident with the disappearance of M, [Fig. 2(d)],
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FIG. 3. (a) The phase difference between the H,-linear bire-
fringence (diamonds) and the H = 0 birefringence (circles) proves
y # 0 Eq. (3)], and, therefore, M, # 0 [the inset of (c)]. For clarity
the curves are normalized by the respective amplitudes, and constant
offsets are subtracted. (b) Diagonal (8) and off-diagonal (y) LMB:
the orientation and length of the ellipse axes represent the orien-
tation of the optic principal axes and the reflectivity along them,
respectively. Magnetic point groups (MPGs) and order parameters
compatible with the two effects are listed. (c) The amplitude of the
LMB as a function of temperature (7y = 11.5 K) reveals the onset of
TR—and Cs—broken phase at ~27y. Probe beam: 20 uW, 633 nm;
field amplitude: 0.2 mT, modulated at 500 Hz.

and the ferromagnetic REXS scattering [Fig. 2(e)]. Although
the onset temperature of the LMB signal is reproducible, the
details of the LMB amplitude as a function of temperature in
the ferromagnetic state depend on the specific domain con-
figuration, which changes on each cool down (see Sec. VI of
the SI [20]) as expected of a state which spontaneously breaks
time-reversal symmetry.

V. INVERTED HYSTERISIS: THE ROLE OF
SPIN-CARRIER COUPLING

We have now provided three complementary pieces of
evidence for the onset of static ferromagnetism in EuCd,P;:
pMOKE and LMB, which are directly sensitive to time-
reversal symmetry breaking, confirm the presence of M,
and M,, respectively, whereas the elemental specificity and
momentum resolution of REXS unambiguously identify Eu
atoms in EuCd,P, as the source of the ferromagnetism.
Motivated by these results, we repeated bulk magnetization
measurements, first reported in Ref. [5], on a larger sample to
ensure better signal-to-noise ratio, and we were indeed able to
observe a small hysteretic moment of 0.01 ug at 3 K, setting
a lower bound on the ferromagnetic volume fraction to 0.1%
(see Sec. VIII of the SI [20] for the analysis).

We note that M, and M, correspond to distinct magnetic
point groups, so one is not a natural consequence of the other
as in “weak ferromagnetism” [32], for example. Their coexis-
tence indicates coupling via a high-order magnetocrystalline
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FIG. 4. dM, as a function of H, for increasing (red) and de-
creasing (blue) field at (a) 3 K and (b) 14 K, revealing the opposite
sense of hysteresis at the two temperatures. Removing the linear
background in (b) shows the inverted hysteresis (the inset). (c) and
(d) The real solutions of Eq. (6) for (¢) J < 2« and (d) J > 2«. The
full and dotted lines correspond to local minima and saddle points of
the free energy, respectively. (e) The temperature dependence of the
magnetization at zero field, defined as half the difference between the
dM,(H = 0), measured whereas increasing and decreasing the field.

anisotropy (MCA), which typically arises from a combination
of spin-orbit coupling and the crystal field [33]. However,
the ground state of Eu>" carries no angular momentum [34],
so spin-orbit coupling is expected to be negligible, and the
anisotropy cannot be understood by considering only Eu
spins. Instead, the MCA can stem from the coupling of Eu to
the carriers as was previously demonstrated in other magnets
containing the L = 0 Eu** or Gd** ions [35-37].

Confirmation that ferromagnetism in EuCd,P, results from
the coupling between Eu spins and conduction electrons
comes from measurements of dM, as a function of the applied
DC magnetic field. Figure 4(a) follows the magnetization
through a field sweep at 3 K, showing a hysteresis loop
that confirms FM order. The same field sweep conducted
at 14 K [Fig. 4(b)] is also hysteretic but looks very differ-
ent in two respects: the loop proceeds clockwise rather than
counterclockwise and is superposed on a linear background.
Removing the background (the inset) emphasizes the hystere-
sis is inverted: The saturated magnetization is antiparallel to
the applied field direction!

Inverted hysteresis cannot arise from a single class of
ferromagnetically coupled spins; instead, at least, two antifer-
romagnetically coupled subsystems are required. A minimum
model for the observed behavior is described by the free
energy,

F = aom® + BoM? + BsM* +ImM — H(m + M),  (4)

where m and M are the magnetization of carriers and Eu
ions, respectively, J is the antiferromagnetic coupling be-
tween them, and the parameters «,, and B, are the quadratic

and quartic terms in the expansion in even powers of the
magnetization. With H = 0, F' has a minimum at nonzero
magnetization,

1 J? J
M? <——2/32>, m:_EM’ (5)

for coupling strengths J? > 4B,q,, showing that J promotes
spontaneous magnetization, even if the uncoupled Eu system
would be paramagnetic (8, > 0).

Minimizing the free energy with H # 0 yields (the SI,
Sec. VII [20]),

oM (7 _H T\
T T

Equation (6) suggests that the effective magnetic field experi-
enced by the Eu spin is opposite in sign to the applied field
if J is larger than 2w, yielding the inverted Eu hysteresis.
Although the total magnetization, M + m, is parallel to the
applied field, our experiment is dominantly sensitive to Eu
magnetization and, therefore, capable of observing its inverted
hysteresis. The existence of both normal and inverted Eu
hysteresis within this model is demonstrated in Figs. 4(c) and
4(d), which illustrate M vs H for J < 2a, and J > 2, re-
spectively. Both regimes exhibit classic bistable behavior with
three solutions for dF /0M = 0F /om = 0 at low applied field;
two stable minima (solid lines) and one saddle point (dashed
line). Mirrored trajectories of M vs H, in Figs. 4(c) and 4(d)
correspond to normal and inverted hysteresis, respectively.

The temperature dependence of the zero-field magnetiza-
tion [Fig. 4(e)], defined to be positive for normal hysteresis,
shows that the transition from normal to inverted regimes oc-
curs at 7Ty. The onset of the antiferromagnetic order, therefore,
disrupts the delicate balance required for realization of the
inverted hysteresis. Our model suggests that this is caused
by a reduction in the effective spin-carrier interaction J/o;
as expected from the decrease in the spin polarization of the
electrons due to their coupling to the AFM order.

VI. OPTICAL CONDUCTIVITY: ELECTRON
LOCALIZATION

These observations of a bulk FM order, and the inverted
hysteresis above Ty, offer compelling evidence for the role
of spin-carrier coupling in determining the magnetic proper-
ties of EuCd,P,. We now turn to the role of this coupling
in its remarkable resistivity. To help address this question
we augmented our magneto-optical and x-ray probes with
measurements of the frequency- and temperature-dependent
conductivity o (w, T), obtained by the Kramers-Kronig anal-
ysis of broadband reflectivity.

Figure 5(a) shows optical conductivity spectra measured at
the resistivity peak (18 K) together with representative spectra
measured in the metallic regime at temperatures above (50 K)
and below (5 K). The contrast in the spectra between the
high and the low conductivity regimes provides a clear pic-
ture of the dynamics that underline the giant resistance peak.
Although the optical conductivity at 5 and 50 K is remarkably
similar, o7 (w, 18 K) is clearly suppressed at low frequencies.
Subtracting the spectrum measured at 18 K from that mea-
sured at 5 K reveals a Drude-like peak [Fig. 5(a), inset].
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FIG. 5. (a) Optical conductivity at 50, 18, and 5 K, showing
electron localization at 18 K. The inset is the difference between
the 5- and the 18-K data, showing the conduction electron spectral
weight. The dashed lines are interpolations across a region where
the measurement is dominated by the spectral weight of an optical
phonon. (b) Schematic temperature evolution of the coupled Eu-
electron system.

We attribute the metallic conductivity observed in the high-
and low-temperature regimes to this component of o (w); the
resistivity peak at 18 K then reflects its vanishing. We note
that standard analysis of the optical conductivity and Hall
effect (the SI, Sec. IX [20]) yields a carrier concentration
n. = 0.6 x 10" cm™3, scattering rate ' =9 x 103 s7!, and
a mass of 1.5m,, where m, is the free-electron mass. The
conductivity spectra measured as 7' passes through the peak
in resistivity confirm that the increase in p originates from a
dramatic decrease in n, rather than an increase in I (Fig. 5(a),
and Ref. [38]). Optical conductivity, therefore, offers unam-
biguous evidence of electron localization.

VII. CONCLUSION AND OUTLOOK

Although nonmonotonic temperature dependence of resis-
tivity in nonmagnetic f-electron metals is typically attributed
to Kondo scattering (see Ref. [34] for a discussion in Eu
compounds), a unifying theoretical explanation for resistiv-
ity peaks in metallic magnets is lacking [39—42]. EuCd,P,
is an outlier in both the giant amplitude and the location
in temperature of the maximum in p(7). Nonetheless, our
combination of optical polarimetry, x-ray, and far-infrared
measurements points to spontaneous phase separation, similar
to that observed in the ferromagnetic metal EuBg [43-45].
In this scenario [Fig. 5(b)] high-temperature metallic be-
havior is interrupted by phase separation: electrons localize
into spin-polarized clusters within which spins align due to
the spin-carrier coupling [J in Eq. (4)]. The localization
[Fig. 5(a)] causes the resistivity to increase with decreasing
temperature, starting at ~75 K. The increase in resistivity is
slowed down as percolating conducting paths start to form,
eventually causing the resistivity to decrease. The width of the
resistivity peak is, therefore, determined by the combination
of two processes: ferromagnetic cluster formation and perco-
lation. The percolation picture also helps explain the colossal
magnetoresistance reported in Ref. [5]: an externally applied

magnetic field promotes growth of the ferromagnetic clusters
and, therefore, percolation, limiting the increase in resistivity
in the peak region. The merged clusters develop a net ferro-
magnetic moment (My, M), detected by our suite of probes
(REXS, pMOKE, and LMB). In particular, the spontaneous
phase separation is seen in the behavior of the magnetization
vs H; in this regime [Fig. 4(b)]: paramagnetic Eu spins con-
tribute the linear background, whereas the inverted hysteresis
arises in the carrier-mediated ferromagnetic regions.

Our finding that the same process, i.e., the spontaneous
formation and percolation of ferromagnetic clusters, is re-
sponsible for resistivity in both EuCd,P, and EuBg, is
surprising. The two compounds exhibit different magnetic
order, and drastically different resistivity anomalies: the 100-
fold increase in p in the AFM EuCd,P, vs the 20% increase
in the FM EuBg. We suggest that the low carrier density
and the frustration resulting from near degeneracy of ferro-
and antiferromagnetic states in EuCd,P, are the key ingre-
dients yielding the enhanced effect. These ingredients are
then principles that can guide the design of other systems
in which transport displays hypersensitivity to external con-
trol parameters, such as temperature and electromagnetic
fields. Furthermore, our paper motivates future experiments to
directly visualize the ferromagnetic clusters, as well as the de-
velopment of a unified theoretical description of resistivity in
a wide range of systems with strong carrier-spin interactions
and offers ways to experimentally constrain such models.
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