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Reentrant spin glass state induced by structural phase transition in La,y 4Ce( ¢Co,P,
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Lay 4Ce ¢Co,P, represents a borderline case in the range of solid solutions formed in the pseudobinary system
LaCo,P,-CeCo,P,. The material undergoes ferromagnetic ordering at ~225 K followed by a structural collapse
at ~190 K, which leads to a strong suppression of magnetization. The structural phase transition manifests itself
in a gradual decrease in the parameter ¢ and a relatively smaller increase of the parameter a of the tetragonal
lattice. Interestingly, a combination of magnetic measurements and nonpolarized and polarized neutron scattering
experiments suggests that the structural collapse does not lead to an antiferromagnetically ordered state, observed
in samples with the higher Ce content. On the contrary, Lag 4Ce( cCo,P, appears to enter a disordered, spin glass
state, with gradual dissipation of the ferromagnetic ordering taking place simultaneously with the structural
collapse, as evidenced by temperature-dependent measurements of the depolarization factor for a polarized
neutron beam passing through the sample. The observed behavior is analogous to that reported for so-called
reentrant spin glasses. In the present case, however, the appearance of the reentrant spin glass regime is caused
not by tuning the chemical composition but by the structural phase transition. Electronic structure calculations
confirm that the loss of magnetic ordering is caused by the subtle change to the density of states at the Fermi

level due to the variation of the crystal structure of the material.

DOLI: 10.1103/PhysRevMaterials.4.074412

I. INTRODUCTION

ThCr,Si,-type rare-earth cobalt phosphides, RCo,P,, rep-
resent a prolific group of materials, whose magnetism can be
tuned over a wide range of behaviors depending on changes
in the chemical composition or on external factors, such as
applied pressure or magnetic field [1-4]. In recent years, the
dramatic differences in the structural and magnetic properties
of LaCo,P, and the other members of the RCo,P, series
(R = Ce, Pr, Nd, Sm) (Fig. 1) have been leveraged to create
materials that exhibit cascades of magnetic phase transitions
due to the competition between different magnetically or-
dered states. In particular, it has been demonstrated that solid
solutions La;_,Pr,Co,P, and La;_,Nd,Co,P, [5-8] exhibit
much more complex magnetism as compared to the magnetic
behavior of their ternary congeners [4].

The Ce-containing compounds, however, stand out among
this family, as evidenced by the much higher antiferromag-
netic (AFM) ordering temperature (7y) of CeCo,P, in com-
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parison to the 7y values of PrCo,P, or NdCo,P, (Fig. 1).
Jeitschko er al. reported a strong deviation in the unit-cell
volume of CeCo,P, from the gradual trend observed for the
other members of the RCo,P, series. Based on this observa-
tion, they proposed that the oxidation state of Ce must be close
to +4.

Recently, Zhang et al. reported a magnetic phase diagram
for the La;_,Ce,Co,P, solid solution [9]. They established
that phases with x < 0.65 exhibit ferromagnetic (FM) or-
dering of Co moments, similar to the behavior of LaCo,P»,
while those with x > 0.65 exhibit AFM ordering, similar to
CeCo,P;. They also concluded that the dramatic difference
in the magnetic properties between these two regions of the
phase diagram is due to the change in the Ce oxidation state
from 43 for the La-rich side to +4 for the Ce-rich side of the
series.

In contrast to the assumptions made by the Jeitschko and
Zhang groups, our preliminary studies of the La;_,Ce,Co, P,
series by X-ray absorption near-edge structure (XANES)
spectroscopy revealed the average oxidation state of Ce
slightly exceeding +3, but never exceeding +3.20 [10]. Thus,
it seems more plausible that these materials exhibit interme-
diate valence of Ce, which has been observed for many Ce-
containing intermetallics [11-15]. The intermediate valence
leads to itinerant behavior of the single 4f electron of Ce,
which is usually manifested in the increased strength of the
magnetic exchange and suppression of the magnetic moment
on the Ce site. The latter effect frequently causes incorrect
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FIG. 1. The crystal and magnetic structures of RCo,P,, with the room-temperature P-P distances between the [Co,P,] layers and the

magnetic ordering temperatures.

assignment of the Ce oxidation state as +4 in materials that,
in fact, exhibit intermediate valence.

Herein, we report a detailed investigation of the single rep-
resentative of the La;_,Ce,Co,P, series, namely the composi-
tion with x = 0.6, which appears at the borderline between the
FM and AFM behavior. This material exhibits a temperature-
induced structural collapse that leads to a dramatic change
in the magnetic properties, with a possible transition into
a reentrant spin glass regime. The magnetostructural phase
transition has been investigated by X-ray and neutron scat-
tering techniques, magnetic and heat capacity measurements,
and electronic structure calculations. The theoretical analysis
demonstrates that the structural collapse leads to a decrease in
the electron density of states at the Fermi level, thus suppress-
ing itinerant magnetic ordering in accordance with the Stoner
criterion. The comprehensive experimental and theoretical
study provides a plausible explanation for the unconventional
magnetic behavior observed in this system.

II. EXPERIMENTAL METHODS

Starting materials. Finely dispersed powders of lanthanum
(99.9%) and red phosphorus (99.999%), as well as tin shots
(99.99%), were obtained from Alfa Aesar and used as re-
ceived. Cobalt powder (Alfa Aesar, 99.5%) was additionally
purified by heating under a flow of H, gas at 775 K for 5 h.
Cerium powder was obtained by filing 6.4-mm-diam Ce rods
(VWR, 99.9%). All manipulations during sample preparation
were carried out in an argon-filled dry box (content of O, <

1 ppm).

Synthesis. The synthesis of Lay4CeycCo,P; followed the
tin flux method reported for LaCo,P, [5]. The starting materi-
alstakenintheLa: Ce: Co:P:Sn=0.64:0.96:2:2:30
ratio (total mass = 5 g) were loaded in 10 mm inner diameter
(i.d.) silica tubes and sealed under vacuum (<10~2 mbar). The
mixtures were annealed at 1155 K for 10 days, then cooled
down to 875 K at 10 K/min and quenched in water. To remove
most of the tin flux, the obtained ingot was placed in a silica
tube, along with silica wool that served as a filter. The tube
was heated to 625 K for 1 h, and the melted tin flux was
separated from the ingot by centrifugation while hot. The
remaining tin was removed by soaking the sample in dilute
HCI (1:1 v/v) for 16 h. At this point, X-ray quality single
crystals were selected from the sample. After the complete
removal of the residual tin, the sample was washed with water
and dried under suction. The phase purity of the bulk product
was confirmed by powder X-ray diffraction (PXRD), which
was performed on a Panalytical X Pert Pro diffractometer
using a Cu Ko radiation source (A = 1.541 87 A).

Physical measurements. Elemental analysis of select single
crystals was carried out on a JEOL 5900 scanning electron
microscope with an energy-dispersive X-ray (EDX) micro-
analysis. Magnetic measurements were performed on poly-
crystalline samples with a Quantum Design SQUID magne-
tometer MPMS-XL. Direct-current (dc) magnetic suscepti-
bility measurements were carried out in an applied field of
10 mT in the 1.8-350 K range. Field-dependent magnetization
and hysteresis were measured with the magnetic field varying
from O to 5 T. Alternate-current (ac) magnetic susceptibility
was measured with an applied field amplitude of 0.5 mT
and the frequency varying from 1 to 1000 Hz. Specific heat

074412-2



REENTRANT SPIN GLASS STATE INDUCED BY ...

PHYSICAL REVIEW MATERIALS 4, 074412 (2020)

measurements were performed with a Physical Property Mea-
surement System (Quantum Design). To facilitate thermal
equilibration, the powder sample of Laj4CeysCo,P, was
cold-sintered with fine Ag powder, whose contribution was
subtracted by using tabulated values [16].

Single-crystal X-ray diffraction (SCXRD) was carried out
on a single crystal of Lag 4CeycCo,P,, which was glued with
epoxy cement on the tip of a quartz fiber and mounted on
a goniometer head of a Bruker AXS SMART diffractometer
with an APEX-II CCD detector. The data sets were recorded
as w-scans at 0.3° step width and integrated with the Bruker
SAINT software package [17]. All the data sets were indexed
in the tetragonal-body-centered unit cell. The only systematic
extinctions observed corresponded to the I-centered lattice.
An analytical adsorption correction was applied using face-
indexing of the crystal. Solution and refinement of the crystal
structures were carried out using the SHELX suite of pro-
grams [18]. The structures were solved in the /4/mmm space
group (No. 139), and the final refinement was performed with
anisotropic atomic displacement parameters for all atoms. The
crystallographic information files (CIF) can be obtained from
the Inorganic Crystal Structure Database by providing the
deposition numbers 1976268-1976270.

Neutron scattering. Neutron powder diffraction (NPD) ex-
periments were performed using the HB-2A high-resolution
diffractometer at the High-Flux Isotope Reactor [19] and the
POWGEN diffractometer at the Spallation Neutron Source
(SNS) [20]. Data at HB-2A were collected on a sample of
~3 g held in an §-mm-diam cylindrical vanadium container
placed in a top-loading closed-cycle refrigerator, covering a
temperature range of 1.7-300 K. The A = 1.539 A monochro-
matic radiation was provided by a vertically focused Ge (115)
monochromator. The data were collected by scanning the
detector array consisting of 44 3He tubes, to cover the total
26 range of 7°-133° in steps of 0.05°. Neutron time-of-flight
diffraction data at POWGEN were acquired using an incident
neutron bandwidth centered at 1.333 A. Data were collected
at 5 K intervals on cooling the sample from 300 to 10 K. All
diffraction data were analyzed by using the FULLPROF Suite
Package [21].

Polarized neutron scattering measurements were carried
out on a HYSPEC spectrometer at the SNS [22]. The sam-
ple, pelletized to avoid crystallite reorientation in an ap-
plied magnetic field, was loaded in a cylindrical assembly
of permanent magnets that provided a vertical magnetic field
of 0.4 T. The polarized incident neutron beam with E; =
15meV (A =2.335 A) was obtained by reflection from a
Heusler monochromator, and a Mezei flipper was used to flip
the spin state of the incident neutron beam. The scattered
beam was measured by a 60°-wide detector bank consisting
of an array of *He linear position sensitive tubes. Flipping
difference profiles were obtained at selected temperatures by
successive measurements with the polarized beam parallel and
antiparallel to the external magnetic field, without performing
a polarization analysis of the scattered beam (using the so
called “half-polarized” method). The HYSPEC instrument
was also used to monitor the depolarization of the neutron
beam by the sample as a function of temperature. For these
measurements, an external magnetic field of only 20 Oe
was applied to maintain the neutron polarization, and the

polarization of the transmitted beam through the sample was
analyzed using a multichannel supermirror array (a “linear
polarization analysis method”).

Electronic-structure calculations were performed with the
tight-binding—linear muffin tin orbitals—atomic sphere approx-
imation (TB-LMTO-ASA) software package [23]. The von
Barth—-Hedin exchange-correlation potential was employed
for the local density approximation (LDA) calculations [24].
The radial scalar-relativistic Dirac equation was solved to ob-
tain the partial waves. The experimentally determined crystal
structure parameters (unit-cell dimensions and atomic coordi-
nates) were used in the calculations. No empty spheres had
to be added. The calculations were made for 21952 (28 x
28 x 28) k-points in the irreducible Brillouin zone (IBZ).
Integration over the IBZ was carried out using the tetrahedron
method [25]. The basis set contained La(6s, 5d, 4f), Co(4s,
4p, 3d), and P(3s, 3p) orbitals, with the La(6p) and P(3d)
functions being downfolded [26].

III. RESULTS AND DISCUSSIONS

A. Crystal structure

PXRD analysis of the bulk sample Lag 4CeqCo,P», pre-
pared by the Sn-flux method, confirmed the phase purity
of the material, while the EDX analysis yielded the La/Ce
ratio of 0.39(1):0.61(1), in good agreement with the nominal
composition used for the sample preparation. The structure
determination by SCXRD confirmed the ThCr,Si,-type lat-
tice, in which the square planes of Co atoms are capped
by P atoms above and below the plane, in a checkerboard
fashion, and the [Co,P;] slabs alternate with layers of La/Ce
atoms along the ¢ axis (Fig. 1). The unit-cell parameters
of Lag4CepcCo,P> determined at 300 K were intermediate
between those reported previously for LaCo,P, and CeCo, P,
(Table I). The structure determined at 250 K showed a slight
change in the unit-cell parameters, but a dramatic decrease in
the ¢ axis, by ~0.44 A, was observed for the structure deter-
mined at 130 K. At the same time, the a axis increased only by
0.014 A between 250 and 130 K. As a result of the much larger
change in the ¢ parameter, the unit-cell volume decreased
by ~3.6%, indicating a structural collapse. Such structural
transitions with the strong decrease in the ¢ axis have been
reported for a number of ThCr,Si,-type compounds [27], but
they are typically induced by pressure and less frequently by
the change in temperature [28-30], as observed here.

Following on this observation, we collected high-
resolution NPD data for Lay4CepCo,P, to obtain more
accurate unit-cell parameters as a function of temperature, as
well as to probe for the appearance of non-nuclear (magnetic)
peaks, which were observed in the NPD pattern of the parent
phase, CeCo,P,, below the AFM ordering temperature [33].
The refinement of the NPD patterns confirmed the substantial
shortening of the ¢ parameter with decreasing temperature.
The decrease in the ¢ axis and the increase in the a axis
occurred rather gradually, but more pronounced changes were
observed around 220, 180, and 130 K [Fig. 2(a)]. The change
in the unit-cell parameters is clearly seen in the shift of a
cluster of diffraction peaks, (110), (004), and (013) (Fig. 3).
Importantly, however, no new peaks were observed in the
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TABLE I. Crystal structure parameters of Lag 4Ce(¢Co,P, in comparison to parameters of CeCo,P, and LaCo,P;,.

Formula CeCo, P, Lag 4Ceg¢Co,P, LaCo,P,
T (K) 300 130 250 300 300
1CSD? [31] 1976270 1976268 1976269 [32]
Unit cell a (A) 3.8943 3.9098(2) 3.8960(6) 3.8668(1) 3.8145
c(A) 9.598 9.7901(5) 10.230(2) 10.320(3) 11.041
V(A% 145.56 149.66(1) 155.21(4) 154.31(7) 160.65
dpp (A) 2.573 2.591(1) 2.790(4) 2.850(6) 3.156
dco.co (A) 2.752 2.765(4) 2.755(4) 2.734(6) 2.698

2The crystallographic information files (CIFs) can be obtained from the Inorganic Crystal Structure Database (ICSD) by referencing the registry

numbers provided in the table.

NPD data, and each pattern still preserved the I4/mmm space
group symmetry.

The Rietveld profile analysis included anisotropic micros-
train parameters [34], where the widths of the Bragg peaks
were modeled by a fourth term expansion with respect to
the (hkl) indices that depends on a set of parameters Sy
determined by the 4/mmm Laue class. The hkl reflections
with / # 0 are broader than the others, causing the Sy, strain
parameters to be much larger than the S ones. The evolution
of the normalized strain parameters, Syoo/a and Sgor/c, as
a function of temperature is shown in Fig. 2(b). Across the
structural collapse, these strain parameters exhibit pronounced
variation at the same temperatures at which the anomalies in
the lattice constants are observed. Interestingly, the 300 K
values are recovered below ~70 K.

The X-ray and neutron diffraction data conclusively
demonstrate the occurrence of a structural phase transition
below 225 K, with a dramatic collapse of the lattice along the ¢
axis. Our results confirm an observation made by Zhang et al.
[9], who attributed this anomalous behavior to the transition
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FIG. 2. Unit-cell parameters (a) and strain parameters (b) ac-
counting for anisotropic peak broadening in the neutron powder
diffraction pattern of Lay4CeqCo,P; as a function of temperature.
The data were collected on cooling from 300 to 10 K at 5 K intervals.

from the Ce3t to the Ce*t oxidation state. However, our
earlier investigation of Lap4CepsCorP, by XANES spec-
troscopy at the Ce Ls edge showed that the average Ce oxi-
dation state changes gradually from +3.05 at 300 K to +-3.14
at 8 K [10]. In fact, we found that even in a more Ce-rich com-
pound, Lag ;Cey9Co,P,, the largest value of the Ce oxidation
state does not exceed +3.2. Hence, we conclude that the solid
solutions La;_,Ce,Co,P, exhibit intermediate valence of Ce
rather than the transition between the well-defined Ce3*t and
Ce** oxidation states. While the structural collapse exerts a
relatively small effect on the Ce valence in Lag 4Ce ¢Co, P>,
it leads to a dramatic change in the magnetic behavior, as
demonstrated below.

B. Magnetic properties

The pure LaCo,P, exhibits FM ordering at 132 K [5].
We have previously shown that partial substitution of
Pr or Nd for La gradually increases the FM ordering
temperature [5,7]. The same trend appears to hold for
the FM transition in the La;_,Ce,Co,P, series [9], but the
behavior of Lag4CesCo,P, is drastically different, as the
temperature range in which the FM state exists is very
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FIG. 3. Experimental neutron powder diffraction patterns of
Lay4CecCo,P, collected at different temperatures, in comparison
to the pattern calculated from the crystal structure at 300 K.
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FIG. 4. Temperature dependence of FC and ZFC magnetization
measured on a powder sample of Laj4CesCo,P, under an applied
magnetic field of 10 mT.

narrow. The dc magnetization measured on a polycrystalline
sample of Lap4CepsCo,P, in the field-cooled (FC) and
zero-field-cooled (ZFC) modes showed an abrupt increase
around 235 K, followed by a pronounced maximum at 215 K
and a drop below that temperature (Fig. 4). The character
of the magnetization curves suggests the initial FM ordering
followed by AFM ordering, which also coincides with the
structural collapse (Fig. 2). Nevertheless, the NPD data do
not provide any evidence for AFM ordering, as no additional
(magnetic) peaks were observed in the NPD patterns recorded
below 215 K (Fig. 3). Any significant shifts in the nuclear
peak positions are only related to the change in the unit-cell
parameters as a function of temperature.

To get further insight into the unusual magnetic behavior
below 215 K, we carried out isothermal magnetization mea-
surements between 250 and 100 K, at 5 to 10 K increments
[Fig. 5(a)]. Typical paramagnetic behavior was observed at
250 and 240 K. The isotherms recorded from 230 to 190 K
showed a rapid initial increase in magnetization at lower
applied fields, followed by a more gradual growth as the
field was increased. This behavior is in agreement with the
emergence of FM ordering. The maximum magnetization
value was observed for the 220 K isotherm. Upon cooling
to 180 K, the isotherm became strongly suppressed, with a
slower increase at low fields and a linear growth at higher
fields. This behavior remained consistent in all isotherms
recorded below 180 K, and the maximum magnetization value
reached at 5 T continued to decrease as the temperature was
lowered. This dramatic change in the magnetization behavior
is also reflected in the character of the Arrott plot [Fig. 5(b)],
which indicates that the 7¢ value falls in the 225-230 K range.
As the temperature is decreased below T¢, crossing of Arrott
isotherms is observed, in agreement with the suppression of
magnetization at lower temperatures.

We also carried out specific heat, C(T), measurements on a
pellet of Lag 4Ce ¢Co, P, which was pressed with an addition
of a small amount of silver, to improve thermal equilibration.
A weak anomaly observed at ~225 K (Fig. 6) is in agreement
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FIG. 5. Isothermal magnetization curves (a) and the Arrott plot
(b) for a powder sample of Laj4Cey¢Co,P,. The magnetization
values are expressed per formula unit.
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FIG. 6. Temperature dependence of specific heat measured on a
pressed pellet of Lay4CecCo,P,. The first inset shows an enlarged
view of the jump around 225 K, while the second inset shows the fit
to the equation discussed in the text: C(T') = yT + BT*.
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with the FM phase transition. No other significant features
were observed in the C(T) curve at lower temperatures. Below
30 K, the data can be fit by the form C(T') = yT + BT*,
where y = 35.3mJ/(mol K?), B = J/(mol K3?), ando = 2.3
(Fig. 6, inset). The term “linear in 7~ originates from the
combination of Sommerfeld and spin-glass [35] contributions,
while the power law of the second term suggests excitations
due to the combined effects of both magnetic and lattice
modes.

C. Polarized neutron scattering

The field-dependent magnetization observed below 180
K suggest substantial AFM exchange interactions, but the
NPD data indicate a lack of long-range AFM ordering. At
the same time, the NPD pattern recorded at 217 K did not
reveal any notable contribution to the nuclear peak intensities
from the FM ordered magnetic moments of Co, due to the
low value of the ordered magnetic moment. The moment per
Co atom estimated from the value of magnetization at 220 K
and 5 T is only ~0.34 ug. This moment value is similar to
the saturation moment per Co atom observed for LaCo, P,
(0.43 ug) [5]. To evaluate the moments on the Co and Ce
sites more accurately, we employed the polarized neutron
flipping difference method, which takes advantage of the
interference term between the nuclear and magnetic signals
(FmFN) and offers a much higher sensitivity to FM ordered
moments [36,37]. Moreover, taking the difference between
signals recorded with the spin of the incident neutron beam
aligned parallel and antiparallel to the magnetic field direction
eliminates all of the nonmagnetic background.

Polarized neutron spectroscopy experiments carried out at
HYSPEC showed the lack of any magnetic signal at 280 K
and a clear signature of FM ordering in the spectrum recorded
at 210 K (Fig. 7). At 150 K, however, the FM signal became
substantially suppressed and essentially vanished at 50 K.
The 210 K spectrum was successfully fit with a soft FM
model where magnetic moments align parallel to the applied
magnetic field, regardless of the crystal grain orientation.
The model fit, shown as a red line in Fig. 7(b), yields an
ordered moment of 0.15(1)up per Co atom and negligible
—0.01(1)up per Ce atom. These values are in good agreement
with the total magnetization of 0.18 up observed in the 210 K
isotherm at ~0.4 T [Fig. 5(a)]; this field value is equivalent
to that provided by the permanent magnetic yoke used in the
neutron experiment.

The emergence and loss of FM ordering as a function of
temperature were followed by measuring the relative depo-
larization of the polarized neutron beam as it passed through
a pelletized powder of Lag4CeycCo,P,. The depolarization
was evaluated from the change in the intensity of the spin-flip
signal (IT—I~), which is sensitive only to the magnetism in
the sample [38]. The measurements were performed with a
vertical guide field of 20 Oe, and the spin-flip was analyzed
using a supermirror array. The beam depolarization factor was
normalized to the value measured at room temperature in the
paramagnetic state, where no effect on the beam transmission
is expected. The depolarization increases abruptly at ~235 K,
in agreement with the onset of FM ordering of the sample.
Below 190 K, the depolarization factor steadily decreases as
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FIG. 7. (a)-(e) The flipping difference of neutron scattering
(I —I™) recorded on a powder sample of Laj,CeqsCo,P, at dif-
ferent temperatures. (f) The temperature dependence of the neutron
depolarization factor by the sample.

the sample magnetization vanishes, and it plateaus to a value
of ~5% below 110 K. Thus, the temperature dependence of
the depolarization factor suggests the gradual loss of FM or-
dering caused by the structural collapse, in general agreement
with the observations made from magnetic measurements. As
shown in earlier studies, reduction of depolarization can also
be due to a spatial and size redistribution of the magnetic
domains in the sample [39,40]. Nevertheless, the flipping dif-
ference results suggest that in Lag 4Ce 6Co,P; the evolution
of the depolarization is mainly due to the decay of the spin-
spin correlation length associated with the structural collapse.

D. Reentrant spin glass behavior

Based on the observations made from the nonpolarized and
polarized neutron scattering experiments, we can conclude
that Lag 4Ceo ¢Co,P, gradually loses long-range FM ordering
below 190 K. Given the substantial divergence between the
FC and ZFC magnetization in this temperature range (Fig. 4),
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one might consider the existence of a frozen disordered state
with short-range AFM correlations, i.e., the spin glass (SG).
Such behavior received a somewhat incorrect but sufficiently
accepted [41] name, i.e., “reentrant spin glass” (RSG), reflect-
ing the successive transition from the disordered PM state to
the ordered FM state and then again to the disordered SG state
[42,43]. A common approach to verify the formation of the
spin glass state is to measure magnetic susceptibility at differ-
ent frequencies of an applied ac field, to observe the frequency
dependence of the maximum in the ac susceptibility at the
spin-freezing temperature, T, [44]. This approach, however,
was devised for the systems that transition from the disordered
PM to the frozen and disordered SG state. In the present case,
Lag 4Cey¢Co, P, transitions from the FM ordered state to the
RSG state as the temperature is lowered, and the FM order-
ing is lost gradually (Fig. 4), suggesting that the structural
collapse causes dissociation of the long-range-ordered FM
structure into smaller FM clusters, in line with the theoretical
scenario proposed by Gabay and Toulouse [45]. Therefore,
the dynamics at the phase boundary can be rather slow. The
gradual dissipation of the FM ordered state, with the decay
of the spin-spin correlation length, is well supported by the
temperature-dependent changes in the neutron depolarization
factor, as shown in Fig. 7(f).

AC measurements revealed a strong peak in the
temperature-dependent magnetization (M) at ~226 K, with
a very weak frequency dependence (Fig. 8). We attribute this
peak to the initial FM ordering confirmed by the magnetic
measurements, polarized neutron scattering, and heat capacity
measurements. The Mydosh parameter [44] calculated from
the frequency dependence of the peak maximum was ¢ =
0.002, which falls outside the range typically observed for
spin glasses (0.004-0.08). This value supports the existence
of an ordered FM state with some degree of glassiness. There
is also a shoulder observed at ~180 K, which coincides
with the onset of the structural collapse and the gradual loss
of the FM ordering. Unfortunately, the shoulder is poorly
defined for accurate calculation of the Mydosh parameter,
but it clearly indicates the onset of a gradual transition to a
different magnetic state.

The loss of the long-range FM ordered state observed
in Lag4CepsCoyP, is similar to the behavior reported
for other RSG systems, such as AuggyFeg 13, Fep7Alys,
Ce(FeQ,%RUQ'm)z, and (Ni/Fe)o,25Auo,75 [46—48] ac suscep-
tibility measurements performed on the latter system also
revealed that the initial strong peak caused by FM ordering
was followed by a weaker shoulder, attributed to the transition
to the RSG state [49]. A distinct feature of Lag 4CeqCo, P>,
however, is the coincidence of the loss of FM ordering with
the gradual structural collapse that leads to a dramatic de-
crease in the lattice volume. This is an example of the tran-
sition from the FM to RSG state caused by the temperature-
induced structural phase transition. As we show in the next
section, the structural collapse intensifies the competition
between the FM and AFM exchange interactions, thus pro-
moting spin frustration and the transition to the RSG state.

We recall that powder diffraction study indicated that the
sample crystallinity was found to recover at low temperatures.
Thus, the persistence of the glassy state beyond the structural
collapse regime supports the hypothesis that it originates
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FIG. 8. The real (a) and imaginary (b) parts of magnetization
measured on a powder sample of Lag 4Ce( ¢Co,P, under ac magnetic
field with an amplitude of 0.5 mT and variable frequency. The insets
show an enlarged view of the peak observed around 225 K.

primarily from the competing magnetic interaction rather than
from the lattice disorder.

E. Electronic structure

The electronic density of states (DOS) of Lag 4CeycCo,P;
was calculated using the structural parameters obtained from
the SCXRD measurements but assuming that the rare-earth
site is occupied only by La. We do not expect La or Ce to im-
pact substantially magnetic coupling within the Co sublattice,
which is primarily responsible for the FM ordering emerging
below ~230 K. Hence, such a model avoids complications
that arise due to the itinerancy of the Ce 4f electrons while
providing an adequate description of the electronic structure
of the Co 3d subband, primarily responsible for the itinerant
magnetism in this type of materials [1].

The structural parameters obtained at 300 and 130 K
were taken to represent the normal and collapsed structures,
respectively. Nonpolarized electronic-structure calculations
revealed that in both structures the Fermi level crosses a
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FIG. 9. Nonpolarized density of states calculated for the
model structure of LaCo,P, using the unit-cell parameters of
Lay 4Cey6Co,P, at 300 and 130 K. The Fermi level is indicated with
a dashed horizontal line.

strong DOS peak, but the positioning of the peak with respect
to the Fermi energy (Ep) is slightly different (Fig. 9). The
transition to the collapsed structure lowers the DOS at the
Fermi level, n(Er). The Stoner product, In(Er), was evaluated
by approximating the Co-Co exchange constant (/) with a
value established for the Co metal [5,50-52]. The product
decreased from 1.2 in the normal structure to 0.84 in the
collapsed one, justifying the observed loss of FM ordering

caused by the structural phase transition in Lag 4CegsCo,P;.
We note that, while the use of the I value of the elemental Co
is a rough approximation, it does not impact the main conclu-
sion of these calculations: the Stoner product is substantially
decreased in the collapsed structure due to the lowering of the
n(Ef) value.

IV. CONCLUDING REMARKS

In summary, we have provided sufficient evidence to
demonstrate that Lag 4Ceq ¢Co,P, represents a borderline be-
havior in the series of solid solutions La;_,Ce,Co,P,. At
this composition, the competition between the normal and
collapsed ThCr,Si,-type structures and between the FM and
AFM ordering in the Co sublattice causes the emergence of
reentrant spin glass (RSG) behavior below 190 K. This RSG
state is induced by a temperature-driven structural collapse
of the FM state that settles below 225 K and thus exists in a
rather narrow temperature interval. It is interesting to ponder
on the nature of this magnetostructural coupling. The fact that
the FM ordering develops quite rapidly while the structural
collapse and the loss of FM state proceed much more grad-
ually with temperature suggests that the FM ordering might
be the trigger for the structural phase transition. Indeed, we
have previously reported that FM ordering in this class of
materials leads to an increase in the Co-Co separation in the
ab plane, which induces a compensating decrease in the P-P
distances along the ¢ axis [5,6,53]. It can be speculated that a
similar effect takes place in Lay4Ce¢Co0,P,: as can be seen
from our structural data, the lengthening of Co-Co distances
due to FM ordering at 225 K triggers the initial shortening of
the ¢ axis, which then propagates into the gradual structural
collapse that impacts the density of states at the Fermi level
and leads to the loss of Stoner ferromagnetism with the
simultaneous appearance of the RSG state. Given all these
considerations, it is of interest to investigate other members of
the La;_,Ce,Co,P, series, as they may offer further support
to this hypothesis.
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