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ABSTRACT: To explore the evolution of magnetic properties from ferromagnetic LaCo,P, to
paramagnetic LaFe,P, (both of ThCr,Si, structure type) a series of mixed composition
LaFe,Co, P, (x < 0.5) has been comprehensively investigated by means of single-crystal
and powder X-ray and neutron diffraction, magnetization and heat capacity measurements,
Mossbauer spectroscopy, and electronic band structure calculations. The Curie temperature
decreases from 132 K in LaCo,P, to 91 K in LaFe(05Co; 9sP,. The ferromagnetic ordering is
suppressed at higher Fe content. LaFeq ;Co; 9P, and LaFe,,Co, sP, demonstrate spin-glass-like
behavior, which was also confirmed by the absence of characteristic features of long-range
magnetic ordering, namely, a A-type anomaly in the heat capacity, a hyperfine splitting in the
Mossbauer spectrum, and magnetic reflections in the neutron diffraction pattern. Finally, both
LaFe;3Co; 7P, and LaFe( sCo; sP, exhibit paramagnetic behavior down to 1.8 K. The unit cell
parameters of the mixed compounds do not follow the Vegard behavior as the increase in the Fe
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content results in the decrease of average M—M distances (M = Fe, Co). Quantum-chemical calculations and crystal orbital
Hamiltonian population analysis reveal that upon aliovalent (nonisoelectronic) substitution of Fe for Co the antibonding character
of M—M interactions is reduced while the Fermi level is shifted below the DOS peak in the 3d metal subband. As the result, at higher

Fe content the Stoner criterion is not satisfied and no magnetic ordering is observed.

B INTRODUCTION

Fe-containing pnictides that belong to the ThCr,Si, structure
type have been a focus of attention of the inorganic and materials
science community since the recent discovery of superconduc-
tivity in doped AFe,As, (A = Ca, Sr, Ba, Eu).1 The parent ternary
AFe,As; phases are not superconductors, but proper doping into
either metal or pmcogen sublattice leads to emergence of super-
conducting properties.” In turn, recent studies have shown that
Co-containing analogues exhibit very rich magnetic behavior,
including field- and temperature -induced metamagnetism,” mag-
netic pole reversal,® and quantum phase transitions.”*

Ternary phosphides RCo,P, (R = rare-earth metal) deserve
special consideration among the ThCr,Si,-type compounds as
they appear to be on the verge of magnetic instability. Indeed,
LaCo,P, is characterized by ferromagnetic ordering of Co
magnetic moments at 132 K,>* while the other representatives
of this family (R = Ce, Pr, Nd, Sm) eXhlblt antiferromagnetic
ordering of Co moments above 300 K° In EuCo,P,, the Co
sublattice does not show magnetic ordering under ambient
pressure but exhibits an antiferromagnetic transition at 260 K
under pressure exceeding 3.1 GPa, which was explained by the
pressure-induced change in the oxidation state of Eu from +2
to +3.” It also was noted that the antiferromagnetically ordered
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phases in this series are always characterized by a rather short
P—P separation (~2.5 A) between the [Co,P,] layers of the
crystal structure (Figure 1),® and therefore, the antiferromag-
netic order might be attributed to the collapse of the structure
along the c axis.

Recently, we have shown that not only structural but also
electronic factors play a crucial role in defining the magnetic
behavior of these materials. Thus, the Curie temperature of
LaCo,P, was raised to as high as 268 K in La;_,Pr,Co,P, by
increasing the intralayer Co—Co distances, even though the
interlayer P—P separatlon decreased to 2.68 A® (compare to 3.16
A in LaCo,P, ) Furthermore, antiferromagnetism in PrCo,P,
and ferromagnetism in Pry gEug,Co,P, were observed at essen-
tially the same interlayer P—P separation (~2.57 A) in both
structures.”

Obviously, the changes in the electronic structure have
important ramifications on the magnetic properties of these
materials. Thus, in contrast to the LaCo,P,, which exhibits
ferromagnetic ordering at 132 K, LaFe,P, behaves as a classical
paramagnet with a Curie—Weiss-like temperature dependence
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Figure 1. Crystal structures of LaCo,P, and LaFe,P,.

of magnetic susceptibility from 2 to 300 K.> To understand how
the magnetic behavior of LaCo,P, evolves upon substitution of
Fe for Co, we undertook a comprehensive study of mixed phases
LaFe,Co, P, (x =< 0.5) by means of magnetization and heat
capacity measurements, single-crystal X-ray diffraction, variable-
temperature powder X-ray and neutron diffraction, Mossbauer
spectroscopy, and quantum-chemical calculations. Herein, we
report the results of this investigation and elaborate on the
change from ferromagnetic to spin-glass-like to paramagnetic
behavior with increasing Fe content in LaFe,Co,_,P,. We
especially stress the importance of electronic factors in the
observed modification of structural and magnetic properties.

B EXPERIMENTAL SECTION

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 received. Cobalt and iron
powders (Alfa Aesar, 99.5%) were additionally purified by heating for S h
in a flow of H, gas at 775 K. All manipulations during sample preparation
were carried out in an argon-filled drybox (content of O, < 1 ppm).
Isotope-pure 57Pe foil was obtained from Cyclotron Instruments, Mainz,
Germany, and used for the synthesis of the isotopically enriched sample
for Mossbauer spectroscopy. *"Fe foil was dissolved in dilute nitric acid,
and iron hydroxide was precipitated by adding excess aqueous ammonia
solution. Reduction of the precipitate in a flow of H, gas at 1073 K for 7h
resulted in a phase-pure >’Fe powder.

Synthesis. Preparation of lanthanum iron—cobalt phosphides,
LaFe,Co,_,P, (x = 0, 0.05, 0.1, 0.2, 0.3, 0.5, and 1), followed the tin
flux synthetic procedure described in the literature for LaCo,P, and
LaFe,P,.° The starting materials were mixed in a La:Fe:Co:P:Sn = 1.6:
x:(2—x):2:30 ratio (total mass = S g) in 10 mm i.d. silica tubes, which
were sealed under vacuum (<10™ > mbar). The mixtures were annealed
at 1155 K for 10 days, cooled down to 875 K at 10 K/min, and quenched
into water. Tin flux was removed by soaking the samples in dilute HCI
(1:1 v/v). At this point, X-ray-quality single crystals were selected from
the samples. The phase purity of bulk products obtained by the
described synthetic procedure was checked by powder X-ray diffraction.
A LaFe(;Co,; 9P, sample for neutron powder diffraction experiments
was prepared by scaling up the total sample weight to 50 g and using a
larger tube with 25 mm i.d.

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) microanalysis. Magnetic mea-
surements were performed on polycrystalline samples with a Quantum
Design SQUID magnetometer MPMS-XL. Direct current (dc) magnetic
susceptibility measurements were carried out in various applied fields
from 0.0005 to 0.4 T and in the 1.8—300 K temperature range.

Isothermal dependences of magnetization were measured with the
magnetic field varying from 0 to 7 T. Alternating current (ac) magnetic
susceptibility was measured in the 1.8—200 K range at frequencies of
1, 10, 100, and 1000 Hz with an ac field amplitude of 0.0003 T. The
heat capacity was measured with a Quantum Design Physical Property
Measurement System in the temperature range of 1.8—150 K and at
zero applied field.

Powder X-ray Diffraction. Room-temperature powder X-ray
diffraction was performed on an original setup based on a Huber
Guinier camera 670 with an imaging plate using Cu Ka; radiation (1 =
1.54060 A) and Ge as an internal standard. Standardless variable-
temperature powder X-ray diffraction data were collected in the
temperature range of 10—300 K by employing a closed-cycle He
refrigeration system. Unit cell parameters were calculated by refinement of a
set of 12 reflections common to all samples. The WinCSD software package
was used for least-squares refinement of the unit cell parameters.'®

Single-Crystal X-ray Diffraction. Room-temperature experi-
ments were carried out using a Bruker AXS SMART diffractometer with
an APEX-II CCD detector. The data sets were recorded as @ scans at 0.3°
step width and integrated with the Bruker SAINT software package."" All
data sets were indexed in the tetragonal body-centered unit cell. The only
systematic extinctions observed corresponded to the I-centered lattice.
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 programs.'> The structures were solved in the
I4/mmm space group (No. 139), and the final refinement was performed
with anisotropic atomic displacement parameters (ADPs) for all atoms.
Refinement of Fe and Co site occupancy factors (s.0.f:s) was not possible
due to the very close X-ray scattering factors of these neighboring
elements. Since the nominal Fe/Co ratio agreed well with the results
of EDX microanalysis, the Fe and Co s.o.f:s in the 4d (0,1/2,1/4) position
were fixed to the nominal composition, with a constraint of equal ADPs.
The summary of pertinent information relating to unit cell parameters,
data collection, and refinements is provided in Table 1.

Mossbauer Spectroscopy. Mossbauer spectra were determined
using a conventional constant acceleration spectrometer operated in
multichannel scaling mode. The gamma-ray source consisted of ~60
mCi of *’Co in a rhodium metal matrix that was maintained at ambient
temperature. The pulse height analysis spectrum for the *’Co/Rh 14.4
keV gamma-ray source was determined using a Reuter—Stokes gas
proportional counter filled to 1 atm with a Kr/CO, gas mixture. *'Fe
Mossbauer spectra were collected using the same source and detector.
The spectrometer was calibrated using a 6 #m thick natural abundance
iron foil for which the line widths of the innermost pair of AM; = 1
transitions of the corresponding Zeeman pattern were reproducibly
found to be 0.214 mm/s. The LaFey;Co;oP, isomer shifts were
determined relative to the center of the foregoing 6 t¢tm Fe foil absorber.
To improve the signal-to-noise ratio, an iron-57 isotopically enriched
sample La*"Fey,;Co; 9P, was also prepared and investigated. Both
natural and isotope-enriched samples exhibit similar spectra. Therefore,
only the data obtained for La*"Fey;Co; 4P, are discussed below. The
Voigt function was used for theoretical spectrum fitting in order to
account for both the finite thickness effect (Lorentzian broadening) and
the intrinsic Fe-atom coordination in the compound investigated
(Gaussian broadening). To avoid possible correlations between the
Gaussian and the Lorentzian full widths at half-maximum, the latter was
fixed to 0.375 mm/s, a value obtained by fitting the room-temperature
spectrum. The Gaussian quadrupole splitting is reported below.

Neutron Powder Diffraction. Neutron powder diffraction ex-
periments on LaFe, ;Co; oP, were carried out using the HB-2A high-
resolution neutron powder diffractometer at the High Flux Isotope
Reactor at Oak Ridge National Laboratory. Two different wavelengths,
A =1.536 and 2.410 A, were provided by vertically focusing Ge (115)
and (113) monochromators, respectively. The data were collected by

10275 dx.doi.org/10.1021/ic201328y |Inorg. Chem. 2011, 50, 10274-10283



Inorganic Chemistry

Table 1. Data Collection and Structure Refinement Parameters for LaFe,Co,_.P,"

nominal composition LaFe05Co;.95P> LaFey;Co; 0P,
x, Fe content from EDX 0.08(2) 0.11(1)
space group I4/mmm (No. 139) I4/mmm (No. 139)
unit cell, A a =3.8083(2) a = 3.8094(1)

¢ =11.0562(5) ¢ =11.0879(3)

Vv, A3 160.35(1) 160.902(7)
V4 2 2
Pealedy g € > 6.598 6.572
u, mm " 23.965 23.850
AA Mo Ka, 0.71073 Mo Ka, 0.71073
temp. 293 K 293 K
20,0 80 80
reflns collected 1266 1116
Rint 0.017 0.026
unique reflns 174 178
params refined 9 9
Ry, wR, [F, > 40(F,)] 0.012, 0.030 0.018, 0.041
diff. peak and hole, e/A® 091, —1.52 1.42, —2.56
goodness-of-fit 1.28 1.11
CSD number 423087 423086

LaFe(,Co; gP, LaFe(3Co; 7P, LaFe(5Co; 5P,
0.20(1) 0.34(2) 0.51(1)
14/mmm (No. 139) I4/mmm (No. 139) I4/mmm (No. 139)
a = 3.8060(1) a=3.7994 (1) a =3.8060(1)
c=11.1125(3) c=11.1598(3) c=112211(3)
160.972(7) 161.097(7) 162.545(7)
2 2 2
6.563 6.551 6.480
23.776 23.693 23.354
Mo Ka, 0.71073 Mo Ka, 0.71073 Mo Ka, 0.71073
293 K 293 K 293 K
80 80 80
1069 1051 1135
0.017 0.016 0.016
170 179 180
9 9 9
0.013, 0.034 0.013, 0.034 0.018, 0.045
1.02, —1.00 1.48, —1.21 2.14, —1.08
1.20 1.22 1.33
423085 423084 423083

“ Further details of the crystal structure determination may be obtained from Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen,

Germany, on quoting the depository CSD numbers.

scanning the detector array consisting of 44 *He tubes in two segments
to cover the total 20 range of 4—150° in steps of 0.05°. Overlapping
detectors for the given step served to average the counting efficiency of
each detector. More details about the HB-2A instrument and data
collection strategies can be found in the original publication.'® Measure-
ments were performed on a sample of ~3 g held in a cylindrical
vanadium container in a top-loading closed-cycle refrigerator in the
temperature range of 4—300 K.

Quantum-Chemical Calculations. Band structure calculations
were performed with the tight binding-linear muffin tin orbitals-atomic
sphere approximation (TB-LMTO-ASA) software package.'* The von
Barth—Hedin exchange-correlation potential was employed for local
density approximation (LDA) calculations."® The radial scalar-relativis-
tic Dirac equation was solved to obtain the partial waves. The structural
parameters used (unit cell dimensions and atomic coordinates) were
taken from the reported room-temperature crystal structures of La-
Co,P, and LaFe,P,.° No empty spheres had to be added. For LaCo,P,
and LaFe,P,, the calculations were performed in the original unit cell
and space group (ag X ag X co, [4/mmm) for a 28 X 28 X 28 k-point
mesh with 1639 irreducible k points. For LaFeCoP, and LaFey sCo; sP»,
superstructures were constructed by starting from the original unit cell of
LaCo,P, and lowering the symmetry. LaFeCoP,: the original unit cell
(ao X ag X o), space group Pmmm, a 42 X 42 X 14 k-point mesh with
3872 irreducible k points. LaFe, sCo; sPs: a supercell (2ao X 24, X ¢p),
space group Pmmm, a 15 X 15 X 10 k-point mesh with 384 irreducible k
points. Integration over the Brillouin zone was carried out by the
tetrahedron method.'® The basis set contained La(6s, Sd, 4f), Fe(4s,
4p, 3d), Co(4s, 4p, 3d), and P(3s, 3p) orbitals, with the La(6p) and
P(3d) functions being downfolded."”

B RESULTS AND DISCUSSION

Synthesis. As shown earlier by Jeitschko et al.,6 LaCo,P, is
resistant to a dilute (1:1 v/v) HCl solution while LaFe,P, slowly
dissolves under such conditions. In our experiments, we were
able to synthesize phase-pure LaFe,Co, P, (x = 0.05, 0.1, 0.2,

Table 2. Magnetic Properties of LaFe,Co,_,P,

Fe content, x Tc, K Tsg, K* 0, K
0 132 135
0.05 91(2) 71(2)
0.10 59(3) 50(2)
0.20 31(2) 101(2)
0.30 116(2)
0.50 137(2)

“Tsg = temperature of spin-glass magnetic transition.

and 0.3). The sample LaFe( sCo, 5P, contains a minor admixture
of CoP,, which was reported to be diamagnetic."® EDX analysis
reveals that the Fe/Co ratio in the obtained crystals agrees well
with the nominal composition used for sample preparation
(Table 1). Several areas of each crystal were examined, giving
consistent results and not showing any signs of inhomogeneity.
Therefore, in the following discussion, the nominal Fe content
will be used. Powder X-ray diffraction analyses confirmed that all
the samples are phase pure and crystallize in the ThCr,Si,
structure type. The unit cell volume increases with the increase
in Fe content (see Figure 10 in the Crystal Structure section),
which confirms the bulk substitution of Fe for Co and agrees with
the EDX results.

It appears that increasing the Fe content results in a decreased
stability against acid treatment, as samples with x > 0.5 were
contaminated with phosphides M,P (M = Co, Fe). Solid
solutions Fe,Co,_,P are known to exhibit magnetic ordering
at high temperatures for x > 0.5,'” and therefore, the samples with
high Fe content were not characterized further.

Magnetic Properties. Somewhat unconventionally, we begin
with the description of magnetic properties, as the other parts of
the paper will serve to support conclusions derived from the
magnetic behavior observed. LaCo,P, exhibits ferromagnetic
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Figure 2. Magnetic properties of LaFe,Co,_,P,. (Top) Temperature
dependences of dc magnetic susceptibilities measured at 0.0005 T for
the sample with x = 0.2 and at 0.001 T for all other samples. (Middle)
Enlarged temperature dependences of susceptibility for the samples
with x = 0.10 and 0.20. (Bottom) Field dependences of magnetization at
1.8 K. The solid lines are guides for the eye.

ordering at T = 132 K, Table 2.2 Introduction of a small amount
of iron (x = 0.05) decreases the ordering temperature to 91 K
(Figure 2, top).”® The samples with x = 0.1 and 0.2 exhibit a cusp
in the temperature dependence of magnetic susceptibility at 59
and 31 K, respectively (Figure 2, middle). Finally, the samples
with x = 0.3 and 0.5 exhibit no magnetic ordering down to 1.8 K.
Fitting the high-temperature part of the curves to the Curie—
Weiss law yields positive Weiss constants for all samples
(Table 2), thus indicating ferromagnetic nearest-neighbor inter-
actions in LaFe,Co,_,P,. The isothermal field dependences of
magnetization at 1.8 K show a substantial decrease in the total
saturation moment with increasing Fe content (Figure 2,
bottom).

Further examination of samples with x = 0.1 and 0.2 revealed
divergence of field-cooled and zero-field-cooled magnetization
curves (Figure S1, Supporting Information), suggesting possible

M', emufmole

M", emu/mole

20 40 60 80 100 20

Figure 3. Temperature dependence of the imaginary part of ac mag-
netic susceptibilities of LaFey,Co;oP, (top) and LaFe,,Co; 4P,
(bottom) in zero dc bias field.

spin-glass behavior. Indeed, ac magnetic susceptibility measure-
ments showed the presence of frequency-dependent maxima in
the imaginary part of magnetization for both samples (Figure 3).
Such maxima are usually observed in superparamagnetic and
spin-glass phases. The empirical Mydosh parameter is helpful in
distinguishing between the two behaviors.”' The parameter is
calculated as ¢ = (Thiay — Toiaw)/(Toaax(log v, — log v,)), where
Tria is the temperature of the maximum in the M” vs T curve at
the corresponding frequency. For LaFe( ,Co; gP», this parameter
was found equal to 0.026(1), which is in the range typical for spin
glasses (0.004—0.08).>" Calculation of the Mydosh parameter
for LaFey ;Co;oP,, however, led to inconsistent results. At ac
field frequencies of 1000, 100, and 10 GHz, the position of the
observed maximum in the M” vs T dependence almost does not
change but at 1 GHz the maximum is shifted to a substantially
lower temperature (Figure 3, top).

The observed susceptibility peaks for the samples with x = 0.1
and 0.2 can be shifted to lower temperatures by an applied dc
magnetic field and finally converted to ferromagnetic-like fea-
tures (Figure 4). For LaFe,;Co; 9P, a field of 0.4 T is required
for such conversion, while for LaFe,,Co; 3P, a field of 0.01 T
results in a similar change.

The magnetic properties of LaFeq,Co, P, are characteristic
of a spin-glass phase, which is easily suppressed by a small
magnetic field. The magnetic behavior of LaFeq ; Co; oP, appears
to be more complicated. To gain further insight into the
magnetism of this sample, we investigated its ac susceptibility
at a fixed frequency of 1 GHz and applied a dc magnetic field up
to 0.1 T, which is not sufficient to fully suppress the observed
susceptibility maximum (Figure 4, top). Under such conditions,
the appearance of two peaks in the temperature dependence of
M’ at each nonzero applied field becomes evident (Figure S).
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Figure 4. Temperature-dependent magnetization of LaFeq;Co; 9P,
(top) and LaFe(,Co; gP, (bottom) under different dc bias magnetic
fields. (Inset) Enlarged part of the upper plot.
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Figure 5. Temperature dependence of ac magnetization of LaFeq ; Co; oP,
at 1 Hz under different dc bias magnetic fields.

The higher temperature peak, which is essentially frequency
independent in zero field, experiences a dramatic shift to lower
temperatures with increasing the applied dc field. On the other
hand, the shift of the lower temperature peak is much smaller.
This behavior, along with the negligible frequency dependence of
the higher temperature peak observed in zero field (Figure S2,
Supportin% Information), may indicate formation of a Griffiths-
like phase® in the range between the two ac magnetization
maxima observed for LaFey;Co,oP,. This state is known to
emerge in some Ising-type spin glasses23 and itinerant magnetic
semiconductors.”* The Griffiths phase is characterized by the
appearance of finite magnetically coupled clusters above the

-
(=]
o

o
o
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Figure 6. °’Fe Mossbauer spectra of an isotopically enriched sample of
La>"Fe, ;Co; oP,. Black solid lines represent the theoretical fit.

Table 3. Fitting Parameters for >’Fe Mossbauer Spectra of

LaFey Co; P>
T, K 0, mm/s I, mm/s"
294 0.253(1) 0.192(1)
200 0.310(1) 0.196(1)
84 0.352(1) 0.210(1)
60 0.359(1) 0.287(2)
50 0.362(1) 0.275(2)
4.8 0.360(1) 0.227(1)

“Full width at half-maximum.

spin-glass transition temperature but below the ordering
temperature of the initial ferromagnetically ordered phase (in
this case, LaCo,P,), although experimental verification of the
Griffiths-type transition is not at all straightforward.*® We inter-
pret the observed low-temperature feature as a sign of the spin-
glass transition, while the high-temperature feature is attributed
to the possible emergence of the Griffiths-like phase. Indeed, one
would expect that the latter state should be very sensitive to the
applied magnetic field, which increases the probability of perco-
lation of the clustered magnetic structure and establishment of
the spin-glass state.

Given the complicated magnetic behavior of LaFe, ;Co; oP»,
we turned to Mossbauer spectroscopy, heat capacity measure-
ments, and neutron diffraction to conclusively establish the
absence of magnetic ordering in this compound.

Mossbauer Spectroscopy. Magnetically ordered phases ty-
pically exhibit resolved magnetic hyperfine splitting of their
Mébssbauer spectra below the critical ordering temperature.*®
No hyperfine splitting is observed in the ’Fe MGssbauer spectrum
of LaFeq ;Co; P, in the temperature range from 294 to 4.8 K
(Figure 6), which is in accord with the spin-glass-like behavior
of this material. Only one narrow signal is observed, with an
isomer shift of 0.25 mm/s, which is close to the isomer shift
of Fe in other spin-glass-like intermetallic compounds, e.g.,
FeAlL?” and Zn,,Fe,Sc;s.2® The slight increase of the isomer
shift upon lowering the temperature is due to the second-order
Doppler effect.

In some spin-glass phases, the presence of a weak internal local
magnetic field emerging from short-range ordering was shown to
result in hyperfine splitting of the Mossbauer spectrum. Depend-
ing on the magnitude of the internal field, the hyperfine splitting
can either be well resolved,?’ or appear just as additional broad-
ening of the single-peak spectrum.””*® The latter situation occurs
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Figure 7. Temperature dependence of the heat capacity for LaFe,-
Co,_.P,. (Inset) Low-temperature region.

in LaFe, ;Co, oP,, for which a significant broadening is observed
in 60 and 50 K spectra (Table 3).

Heat Capacity. To investigate the electronic properties of
LaFe,Co,_,P,, the temperature dependence of the heat capacity
was measured for the samples with x = 0.1, 0.2, and 0.5. For all the
samples, neither C vs T nor C/T vs T dependence showed any
specific features or transitions at T > 10 K (Figure 7). Phase
transitions associated with long-range magnetic ordering are
known to cause a pronounced A-anomaly in heat capacity at
the ordering temperature. The absence of such an anomaly for
samples with x = 0.1 and 0.2 supports the assumption that these
two phases exhibit spin-glass-like behavior.

The heat capacity of a solid is the sum of electronic (Cg) and
lattice (Cp) contributions. In the Fermi liquid state, which is a
conventional metallic state at low temperatures, Cg is expected to
behave as Cp = yT, where y is the Sommerfeld coefficient
proportional to N(Eg), the total density of states at the Fermi
level: y = 1/37°kg2N(Eg). Fitting the low-temperature part of
the specific heat to the modified Debye law, C = yT + ST° + aT°,
yields the following ¥ coefficients (in mJ/(mol K*)): 34.8(6)
(x =0.1), 42(1) (x = 0.2), and 23.2(4) (x = 0.5) (Figure S2,
Supporting Information). This indicates a significant decrease in
N(Eg) with increasing Fe content to x = 0.5, which is in good
agreement with quantum-chemical calculations (see below).
For LaFe;;Co, oP,, the C/T vs T dependence clearly shows an
anomaly at 7 K (Figure 7, inset). No features around this
temperature were found in the magnetic studies. Nevertheless,
neutron diffraction experiments indicate that some structural
distortion occurs at 4 K (see below). We attribute the observed
peak in the heat capacity to the structural phase transition
associated with this distortion.

Neutron Powder Diffraction. Scattering of neutrons by
magnetically ordered spins results in the appearance of new
(magnetic) reflections (antiferro- or ferrimagnetic ordering) or
intensity enhancement for the existing structural reflections
(ferromagnetic ordering) in a powder neutron diffraction
(PND) pattern. Thus, the type of magnetic ordering and
orientation of Co spins in PrCo,P, and NdCo,P, were un-
ambiguously determined using PND data.* In contrast, spin-
glass phases do not exhibit long-range magnetic ordering, and
their PND patterns remain largely unchanged at and below the
spin-freezing point, although a weak signal due to short-range
ordering may eventually appear as diffuse scattering in the low-
angle region.
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Figure 8. Rietveld refinement (black line) of powder neutron diffrac-
tion data (red circles) for LaFe, ;Co; oP, collected at 100 K (A = 1.536
A). Green marks indicate theoretical Bragg peak positions. The differ-
ence is shown as the blue curve at the bottom. (Inset) Comparison of the
low-angle region of PND patterns (4 = 2.41 A) collected at 100 (black)
and 4 K (red) and the difference curve (blue).

Crystal structure parameters of LaFe; ;Co, gP, refined from
PND data collected at 100 K are in good agreement with those
obtained from room-temperature single-crystal X-ray diffrac-
tion. Unlike X-ray diffraction, which cannot distinguish be-
tween neighboring Fe and Co atoms, neutron diffraction is
ideally suited to make such a distinction due to the large
difference in the neutron scattering lengths of Co (2.5 fm)
and Fe (9.4 fm). Note that no superstructure formation was
observed, which indicates a random distribution of Fe and Co
atoms over the transition metal crystallographic site, 4d (0,
1/2,1/4). Crystal structure refinement resulted in the composi-
tion LaFeg 15(1)Coy.gs(1)P2, which is close both to the nominal
one and to that determined by EDX analysis. A comparison of
the PND patterns collected at 100 and 4 K, i.e., at temperatures
above and below the susceptibility maximum, reveals neither
additional diffraction peaks nor changes in the peak intensities
for low-angle reflections (Figure 8, inset). Thus, PND confirms
the absence of long-range magnetic ordering in LaFe( ;Co; oP».
Additionally, some high-angle diffraction peaks exhibit broad-
ening and the appearance of higher angle shoulders at 4 K
(Figure 9). We believe that this change is due to a weak
structural distortion of LaFeq ;Co; 9P, which also agrees with
the heat capacity data (see above). Experiments to uncover the
origin of this structural distortion are currently in progress.

Crystal Structure. The unit cell volume of LaFe,P, (V =
162.00 A%) is slightly larger than that of LaCo,P, (V= 160.36 A%
(Figure 1), as expected from the larger radius of the Fe atom.
Room-temperature powder diffraction data refined with an internal
standard revealed that the unit cell volume of LaFe,Co,_,P,
also increases with Fe content, x (Figure 10). Nevertheless, the
unit cell parameters a and ¢ exhibit unexpected anomalous
changes. The increase in the unit cell volume for higher «x is
realized via increasing the parameter ¢, while the parameter
a is decreasing (Figure 10), which is opposite to the changes
observed when comparing the unit cell parameters of LaCo,P,
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Figure 9. Structural distortion in LaFe, ;Co, P, emphasized by higher
angle shoulders appearing for the (10S) and (116) powder neutron
diffraction peaks at 4 K.

and LaFe,P,. Thus, the solid solutions LaFe,Co,_,P, do not
follow the simple Vegard behavior.

In the ThCr,Si, structure type, the distance between transition
metal atoms within the planar square net is directly proportional
to the unit cell parameter a, d(M—M) = a/+/2. Hence, upon
introduction of the larger Fe atoms into the Co sublattice of
LaCo,P,, the average M—M distance is expected to increase. The
X-ray powder diffraction data, however, unambiguously show
that the M—M distance in the LaFe,Co,_ ,P, structures
decreases with increasing Fe content. Single-crystal X-ray diffrac-
tion experiments confirm this observation and also reveal that the
average d(M—P) is almost independent of Fe content, within the
esd (estimated standard deviation). These observations suggest
that the Fe—Co bonding in these mixed phases is different from
the homoatomic Co—Co and Fe—Fe bonding in their ternary
congeners. As will be revealed below by quantum-chemical
calculations, such a difference has an important influence on
the magnetic properties of these materials.

Variable-Temperature Powder X-ray Diffraction. Recently,
we have shown that ferromagnetic ordering in La;_,Pr,Co,P, is
associated with an increase in the intralayer Co—Co distance,
which is proportional to the unit cell parameter a.* This is
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Figure 10. Unit cell parameters and volume of LaFe,Co,_,P, as a
function of Fe content, x.
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Figure 11. Temperature dependence of unit cell parameters for
LaFe,Co,_,P, (x=0,0.1,0.2).

demonstrated by the temperature dependence of unit cell param-
eters of LaCo,P, (Figure 11). The parameter a initially decreases
with temperature but exhibits an upturn at Tc = 132 K. Thus, below
T the structure expands in the ab plane but contracts along the
¢ axis, which results in the overall reduction of the unit cell volume
(Figure S3, Supporting Information). Note that even the smallest
parameter ¢ observed (10.998(4) A at 20 K) is sufficiently large,
indicating that the interlayer P—P distance remains above
3 A and no structural collapse takes place.
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Figure 12. DOS and M-M COHP plots for LaCo,P, (left) and LaFe,P,
(right).

In contrast, LaFeq,Co; gP, exhibits no abrupt changes in the
temperature dependence of unit cell parameters. The parameter ¢
increases while the parameter a and unit cell volume decrease
upon lowering temperature (Figure 11). A similar behavior is
observed for LaFe, ; Co; oP, above 70 K. Below this temperature,
however, the unit cell parameters of LaFey;Co;oP, remain
essentially constant within one esd. Such “freezing” of the unit
cell parameters might be associated with the aforementioned
formation of the Griffiths phase.

While both LaCo,P, and LaFe,Co,_ P, (x = 0.10, 0.20)
exhibit ferromagnetic nearest-neighbor interactions, as suggested
by their positive Curie constants, examination of variable-tem-
perature powder X-ray diffraction patterns indicates a change in
the character of M—M bonding upon introduction of Fe into the
structure of LaCo,P,. Of course, the Curie constant indicates the
sign of magnetic exchange averaged over the entire lattice and
does not allow any further judgment about specific interatomic
interactions. To get a deeper insight into the nature of magnetic
ordering and local M—M bonding in these materials, we turned
to quantum-chemical calculations.

Electronic Structure. Nonmagnetic calculations of the elec-
tronic band structure of LaFe,Co,_,P, (x =0, 0.5, 1, and 2) were
performed using the LMTO approach.*" This method is known to
underestimate correlation energies of the 4f states in lanthanides,
especially in the case of significant spin—orbit coupling. Never-
theless, it was demonstrated that LMTO produces sufficiently
accurate results for the empty f° (La) electronic shell where
spin—orbit coupling is not present.” Therefore, this method is
suitable for study of LaFe,Co,_,P,. First, we compare ternary
compounds LaCo,P, and LaFe,P,. The former exhibits ferromag-
netic ordering at 132 K, while the latter is paramagnetic in the
1.8—300 K temperature range. The electronic structure of LaCo,P,
exhibits a high peak in the electronic density of states (DOS) in the
vicinity of the Fermi level (Figure 12, top). On the other hand, for
LaFe,P, this peak appears above the Fermi level, because, in the first
approximation, substitution of Fe for Co lowers the Fermi energy
due to the decrease in the electron count per transition metal atom.

According to the Stoner criterion,> an itinerant magnet
exhibits ferromagnetism when I N(Eg) > 1, where I is a measure
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Figure 13. DOS and M—M COHP plots for LaFeCoP, (left) and
LaFe( sCo, 5P, (right).

of the strength of magnetic exchange interaction and N(Eg) is the
DOS at the Fermi level. The values of I can be approximated by
those known for the elemental metals.>*** From our calculations,
the I-N(Ep) product equals 1.6 and 0.8 for LaCo,P, and
LaFe,P,, respectively. Thus, the Stoner criterion indicates that
LaCo,P, should exhibit ferromagnetic ordering while LaFe,P,
should be paramagnetic, which is in agreement with the observed
magnetic properties.

For mixed LaFe,Co,_,P, compounds, calculations were per-
formed on model ordered superstructures, in which the composi-
tion of each transition metal layer was fixed to the corresponding
Fe/Co ratio. Thus, only Co—Fe contacts are present within the
layer in LaFeCoP,, while both Co—Fe and Co—Co contacts are
present in LaFe, sCo; sP, (Figure S4, Supporting Information).
As expected, in the electronic structure of LaFeCoP, the Fermi
level is shifted to higher energy relative to the Eg of LaFe,P, but
still remains far from the DOS peak in the 3d metal subband
(Figure 13, top). In LaFe(sCo, sP,, the Fermi level already
crosses the DOS peak (Figure 13, top) but the major contribu-
tion to this peak at Er comes from Co 3d orbitals, while the
contribution from the Fe 3d orbitals is maximized at energies
slightly above Eg. Thus, the DOS calculations clearly demon-
strate that increasing the Fe content leads to the lower value of
N(Eg),’ which explains, at least qualitatively, the suppression of
ferromagnetic ordering in LaFe,Co,_,P, with increasing x.

To understand the difference in the local M—M interactions in
LaFe,Co,_,P,, we performed an analysis of crystal orbital
Hamiltonian population (COHP). Dronskowski et al. showed
that the driving force for ferro- or antiferromagnetic ordering lies
in the local nonbonding or antibonding character of states
located in the vicinity of the Fermi level.>” While both LaCo,P,
and LaFe,P, exhibit antibonding COHP(EE) along the shortest
Co—Co and Fe—Fe distances of ~2.7 A, a strong M—M
antibonding peak observed in the former appears far above the
Fermi level in the latter (Figure 12, bottom). Thus, we can
assume that the presence of a strong M—M antibonding COHP
peak at Ef. is a prerequisite for magnetic ordering in these materials.
Analysis of COHP curves of LaFeCoP, and LaFe;sCo, 5P,
confirms the conclusion drawn earlier from analysis of DOS.
In LaFeCoP,, a weak M—M antibonding character of COHP
is observed (Figure 13, bottom), similar to that of LaFe,P,.
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Figure 14. Magnetic phase diagram of LaFe,Co,_,P,: PM, paramag-
net; EM, ferromagnet; SG, spin glass; G, possible Griffiths phase.

Therefore, one should not expect magnetic ordering for this
compound. In LaFe sCo; sP,, the Fermilevel crosses a strong
Co—Co antibonding COHP peak while a Co—Fe antibonding
peak lies higher in energy. Thus, substitution of Fe for Co
leads not only to the decrease of DOS at Eg but also to the
reduction of the antibonding character of M—M interactions.
This latter effect, in turn, causes the decrease in the unit cell
parameter a and the average intralayer M—M distance with the
increase in the Fe content in LaFe, Co,_,P, (see the structural
discussion above).

Bl CONCLUDING REMARKS

Summarizing the experimental and theoretical results, one can
explain the observed changes in the structural and magnetic
properties of LaFe,Co, P, (Figure 14). LaCo,P, exhibits a
strong DOS peak at the Fermi level, which leads to ferromagnetic
ordering at 132 K. Partial substitution of Fe for Co has two major
consequences: (i) The shift of the Fermi level to lower energy
results in the reduction of DOS at Eg, which lowers the ordering
temperature (T = 91 K for LaFeysCo;9sP,) and eventually
suppresses the long-range magnetic ordering for x > 0.10; (ii)
The Co—Fe interaction has a weaker antibonding character as
compared to the Co—Co one, indicating that introduction of Fe
leads to “dilution” of the magnetic Co substructure. Instead of
ferromagnetic ordering, LaFeq ;Co; 9P, and LaFe,Co; sP, ex-
hibit spin-glass-like behavior, which can be suppressed by an
applied magnetic field. The critical field is much higher for
LaFe, ;Co, P, (0.4 T) than for LaFe,,Co; P, (0.01 T). Note
that the increase in the Fe content results in the significant
decrease in the saturation magnetization of LaFe,Co, P,
(Figure 3), in good agreement with the theoretical prediction.
Increasing the Fe concentration to x > 0.30 leads to formation of
paramagnetic phases.

It is important to mention that the magnetic properties of
CaFe,Co,_,P, have been studied recently by Cava et al.>® The
parent CaCo,P, compound exhibits antiferromagnetic ordering
of Co magnetic moments at Ty = 113 K.** Suppression of the
magnetically ordered state was observed for x > 0.2, which is
similar to our findings. No spin-glass properties, however, were
reported for CaFe,Co,_,P,. In this series, a substantial increase
in the interlayer P—P distance is observed upon increasing Fe
content and the disappearance of antiferromagnetic ordering was
attributed to expansion of structure along the ¢ axis. The proper-
ties of RCo,P, materials (R = rare-earth metal) are somewhat
different. Thus, we have recently shown that for PrCo,P, a
significant modification of magnetic behavior can be achieved

while preserving almost the same, relatively short P—P distance
(~2.57 A).° The change from antiferromagnetic ordering in
PrCo,P, to ferromagnetic ordering in PrygEug,Co,P, and
Pro3Cag,Co,P, was explained by the change in the electronic
band structure at the Fermi level, which is expected to have a
pronounced influence on the magnetic behavior of itinerant
magnets. The series LaFe,Co,_,P, reported in this work provides
another example of the importance of electronic factors in defining
magnetic properties of RCo,P, materials. The change from the
ferromagnetic to spin-glass to paramagnetic state has been traced
to the difference in the local Fe—Co and Co—Co bonding and the
shift in the Fermi level with increasing Fe content. Studies of other
possible aliovalent substitutions that can dramatically modify the
magnetic behavior of ternary RCo,P, compounds are currently
being pursued in our laboratories.
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