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DC and ac magnetization, resistivity, specific-heat, and neutron-diffraction data reveal that stoichiometric

LaFePO is metallic and non-superconducting above 7=0.35 K, with y=12.5

mJ
mol K?*

Neutron-diffraction data at

room temperature and 7=10 K are well described by the stoichiometric, tetragonal ZrCuSiAs structure, and
show no signs of structural distortions or long-range magnetic ordering to an estimated detectability limit of
0.07up/Fe. We propose a model based on the shape of the iron-pnictide tetrahedron that explains the differ-
ences between LaFePO and LaFeAsO, the parent compound of the recently discovered high-Tc oxyarsenides,
which, in contrast, shows both structural and spin-density wave transitions.
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I. INTRODUCTION

The compounds LnFeXO (Ln=La...Gd,X=P,As) were
first synthesized in 1995 (X=P) (Ref. 1) and 2000 (X=As)
(Ref. 2). However, it was not until 2006 that the first report
of superconductivity in this class of compounds, in LaFePO,
was published.? Since then, a range of transition tempera-
tures have been reported in fluorine doped (LnFeXO,_,F,)
and oxygen deficient (LnFeXO,_,) variants, including 7' that
are greater than T=50 K in SmFeAsO,_,F,.*?’ Thus this
class of superconductors has the highest transition tempera-
tures known except for the cuprates. The origin of the re-
markably high 7. has been the subject of considerable de-
bate. One interesting observation is that while LaFeAsO is
metallic but nonsuperconducting,28 LaFePO has been re-
ported as a superconductor.??%3 The reported T, in LaFePO
have varied from 7=3.1 K (Ref. 3) to 7 K (Ref. 30), and
appear to depend on the sample form and synthesis
conditions.?%31-32 However, to date there has been no com-
plete study of LaFePO. In particular, neither resistivity nor
susceptibility measurements (used in the above cited works
on LaFePO) are conclusive proof of bulk superconductivity
as both can be sensitive to impurities. Instead, the presence
or absence of an anomaly in the specific heat is a more reli-
able indicator of bulk properties, including superconductiv-
ity. The original aim of our work was to investigate the su-
perconductivity in pure LaFePO. Instead we have found that,
through an exhaustive set of measurements, stoichiometric
LaFePO is not a superconductor above 7=0.35 K. Addition-
ally, we find that it is a metal with no long-range magnetic
ordering or structural distortions above 7=10 K. These
properties make LaFePO closer to LaFeAsO than previously
thought. We also provide a chemical explanation for the dif-
ference in the behavior of LaFePO compared to LaFeAsO.

II. EXPERIMENT

Polycrystalline samples of LaFePO were synthesized in
multiple steps. First, LaP was synthesized by reacting fresh
La shavings and dry P powder in an alumina crucible in a
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sealed, evacuated silica ampoule; the ampoule was immedi-
ately heated to 400 °C then ramped at 20 °C/h to 800 °C.
The temperature was held for 20 h and then the sample was
furnace cooled. Next, a stoichiometric ~2.5 g mixture of
LaP, Fe, and Fe;O, was ground together and pressed into a
pellet. This pellet was placed with 5% excess P in an alumina
crucible with a tight-fitting alumina cap. This crucible was
placed on quartz shards inside a quartz tube. A second,
smaller, alumina crucible containing ~80 mg of impure
LaFePO from a previous run was also placed in the quartz
tube, which was then pumped down and sealed under
vacuum. The sample was ramped to 1200 °C at 180 °C/h,
held at temperature for 48 h, and then cooled at 180 °C/h to
room temperature. After that the sample was removed, re-
ground, repressed, and heated with an additional 5% excess
P as before. This was repeated a third time to achieve phase
purity. In each repetition, the pellets of LaFePO came out
clean with no visible undesired reactivity even on the sur-
face. The alumina crucibles and quartz tubes were also clean
and undamaged. In contrast, the impure LaFePO getterer on
top came out visibly different in color; x-ray diffraction con-
firmed the presence of silicate formation. In further process-
ing, the material was protected from air as it was found to
decompose with extended exposure to moisture.

DC magnetization measurements between 7=1.8 K and
T=300 K were performed on a quantum design magnetic
property measurement system (MPMS) magnetometer with
applied fields of uoH=0.0005 and 1 T. AC magnetization
measurements were performed on a quantum design physical
property measurement system (PPMS) with a dc field of
MmoH3.=0.0005 T and an ac field of wyH,.=0.0003 T at f
=1 kHz. Resistivity and specific-heat measurements were
done on polycrystalline pellets between 7=0.35 and 300 K
in a quantum design PPMS equipped with a *He refrigerator.
Thermopower measurements were done using a custom-built
helium probe-head and MMR technologies electronics.

High resolution neutron powder-diffraction (NPD) data
were collected using the BT-1 high-resolution powder dif-
fractometer at the NIST Center for Neutron Research, em-
ploying Cu (311) monochromator to produce a monochro-
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FIG. 1. (Color online) Neutron powder-diffraction data with
Rietveld fits at (a) 298 and (b) 10 K. The tick marks correspond to
LaFePO. The inset of (a) shows the lack of splitting in the (220)
reflection on cooling.

matic neutron beam of wavelength 1.5403 A. Collimators
with horizontal divergences of 15, 20’, and 7’ full width at
half maximum were used before and after the monochro-
mator, and after the sample, respectively. The intensities
were measured in steps of 0.05 © in the 26 range 3°-168 °.
The structure analysis was performed using the program
GSAS with EXPGUL33* The neutron-scattering amplitudes
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used in the refinements were 0.827, 0.954, 0.581, and 0.513
(X107'2 cm) for La, Fe, O, and P, respectively. To investi-
gate possible magnetic ordering, additional data were col-
lected on the high intensity/coarse resolution BT-7 spectrom-
eter with a pyrolytic graphite monochromator and filter using
a wavelength of 2.44 A, and a position sensitive detector in
diffraction mode.

III. RESULTS

Figure 1 shows neutron powder-diffraction patterns col-
lected at room temperature and 7=10 K along with the fits
from Rietveld refinements. The patterns are well described
by the tetragonal phase LaFePO and this structure is shown
in Fig. 2(a). It consists of P-Fe,-P layers of edge-sharing
Fe-P tetrahedra separated by La-O,-La-type sheets. The iron
ions form two-dimensional square nets where the Fe-Fe dis-
tance is 2.80 A at room temperature. Table I summarizes the
results from the structure fits. Since previous results in the As
case suggest that fluorine doping or oxygen nonstoichiom-
etry induce superconductivity, we allowed the occupancies of
the La, O, and P sites to vary in the 7=298 K refinement.
Within error, all occupancies are equal to one (column 1,
Table I). As a further test of the stoichiometry, the thermal
parameters were held fixed and all four occupancies were
refined (column 2, Table I). Again, within error all occupan-
cies are equal to one and thus were fixed at unity for the final
refinements (columns 3 and 4, Table I). The quality of the fits
is excellent. We included minor impurity phases of 0.6%
La,O;5 and 2% FeP in the final refinements; the LaFePO
is stoichiometric as indicated by the free refinement of
the occupancies. The inset of Fig. 1(a) shows a comparison
of the (220) reflection at 7=298 and 10 K. There is no
sign of peak broadening or splitting that would indicate a
structural transition similar to that observed in LaFeAsO.%!4
Furthermore, there is no observable difference in the resi-
duals between 7=298 and 10 K, implying a lack of long-
range magnetic order. As an additional check for weak
magnetic super-reflections, low angle, high count rate
neutron-diffraction data were collected at 7=7, 100, 200, and

LaFePO

LaFeAsO ‘ T

O"I[

FIG. 2. (Color online) (a) The structure of tetragonal LaOFeP consists of alternating La-O,-La and P-Fe,-P layers. One iron pnictide

tetrahedron is shaded, as are the planes forming a square antiprism coordination of a La3*

ion. Tonic sizes were used for La’* and O~

whereas covalent sizes were used for Fe and P. (b) Extracted portions of the iron-pnictide layer for LaFePO and LaFeAsO, showing both the
square net of iron ions and the difference in the coordination tetrahedron in each case. Also shown is a simplified picture of how the less
compressed tetrahedron in the arsenide case, which results in a smaller Jahn-Teller splitting (8), would be expected to decrease the total
bandwidth of the d-orbital-derived bands (b) and make the arsenide closer to localized, nonmetallic behavior.
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TABLE 1. Refined structural parameters at 7=298 and 10 K. Space group P4/nmm (#129). Atomic
positions: La: 2c (1/4,1/4,z), Fe: 2b (3/4,1/4,1/2), P: 2¢ (1/4,1/4,z), and O: 2a (3/4,1/4,0). In the first column,
the formula was freely refined by fixing the occupancy of the iron site and letting all others vary. In the
second column, the thermal parameters and overall scale factor were held fixed, and all occupancies were
allowed to vary. The final refinements (columns 3 and 4) fixed all occupancies at unity. Anisotropic thermal
parameters were used. The sample contained 0.7% La,O3 and 2% FeP. Lattice parameters are in units of
angstrom and thermal parameters are in units of 102 A2,

LaFePO T=298 K T=298 K T=298 K T=10 K
(fixed iron n) (fixed U) (fixed n) (fixed n)
a 3.96307(4) 3.96306(4) 3.96306(4) 3.95667(4)
8.5087(1) 8.5087(1) 8.5087(1) 8.4973(1)
La z 0.1488(2) 0.1488(2) 0.1487(2) 0.1493(2)
Uy =Uy 0.84(6) 0.79 0.79(5) 0.31(4)
Us; 0.57(9) 0.52 0.52(8) 0.28(8)
n 1.02(1) 1.004(4) 1 1
Fe Uy, =Uy 0.69(5) 0.75 0.75(5) 0.32(4)
Us; 0.75(8) 0.81 0.81(7) 0.28(7)
n 1 0.995(4) 1 1
P z 0.6348(3) 0.6347(3) 0.6348(3) 0.6354(3)
Uy =Uy 0.8(1) 0.80 0.80(8) 0.56(7)
Us; 0.7(1) 0.7 0.7(1) 0.2(1)
n 1.01(1) 0.997(7) 1 1
0 Uy =Uy 0.80(9) 0.73 0.73(7) 0.58(6)
Uss 0.9(1) 0.8 0.8(1) 0.4(1)
n 1.02(1) 1.007(6) 1 1
X 1.197 1.195 1.198 1.470
Ry, 6.19% 6.19% 6.20% 6.66%
R, 4.93% 4.93% 4.94% 4.98%
R(F?) 4.67% 4.73% 4.71% 4.64%

320 K. All observed peaks are indexed and well fitted by the
nuclear structure of LaFePO. Thus we observe no long-range
magnetic order in LaFePO. The detectability limit indicates
that any ordered moment, if the magnetic structure is analo-
gous to that in LaFeAsO,'* would have to be less than
0.07up/ Fe. Thus we conclude that, above T=10 K, LaFePO
shows no structural distortion or long-range magnetic order-
ing.

In addition to being metallic, the magnetic susceptibility
(Fig. 3) data are essentially flat from 7=1.8-300 K,
showing contributions only from Pauli paramagnetism and
Landau diamagnetism (corrections for core diamagnetism
and the sample holder were applied). This is in contrast
to an impure specimen containing traces of Fe,P, which
shows pronounced magnetic behavior. There is a slight up-
turn in the susceptibility of the pure sample between T
=200 and 250 K that is attributable to the impurity FeP
[Curie temperature 215 K (Ref. 35)], and a further small
upturn below 7=20 K that may be due to either a paramag-

netic impurity or the proposed spin fluctuations (see below).
However, these features are small and indicate the lack of
magnetism in a pure sample. When combined with the
neutron-diffraction data, which show the absence of long-
range magnetic order (see above), this implies that LaFePO
is nonmagnetic above 7=1.8 K. For comparison to previous
literature reports, we also show the dc susceptibility mea-
sured under a low field (uH=0.0005 T) (top inset) as well
as an ac measurement scaled per gram of sample (bottom
inset). Both show negligible responses to the applied field
with no downturn at low temperatures. The level of Fe,P and
FeP in this sample, indicated by the magnitude of the
upturn around 7=200-250 K (see above), is less than that
observed in samples, which show a superconducting tran-
sition.?® As such, the lack of superconductivity in our sample
is not attributable to the presence of small amounts of either
Fe,P or FeP. Rather, this lack of downturn indicates that
stoichiometric LaFePO is not superconducting above T
=1.8 K.
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FIG. 3. (Color online) DC magnetization data at ugH=1 T
(main panel) and uyH=0.0005 T (top inset) show that LaFePO is
nonsuperconducting and nonmagnetic above 1.8 K. The dc magne-
tization on an impure sample containing 2% Fe,P is also plotted.
For comparison to the literature, the bottom inset shows an ac mag-
netization measurement of this sample, which shows no trace of
superconductivity (the scale is ten times more sensitive than previ-
ous reports).>2%30

To check for superconductivity at lower temperatures, re-
sistivity measurements were done from 7=0.35-300 K, as
shown in Fig. 4(a). The data are normalized to the room-
temperature value (p3pp=1.51 m{ cm) as the measured
resistivity on a polycrystalline sample is often sensitive
to grain-boundary and surface effects, and higher than
the intrinsic values. The resistivity decreases to pjg
=0.61 mQ) cm at 7=20 K. Furthermore, the thermopower
[Fig. 4(b)] is small and negative. Thus LaFePO is an n-type
metal. Importantly, there is no downturn in the resistivity
even at the lowest temperatures [left half of inset of Fig.
4(a)], indicating that the stoichiometric sample of LaFePO is
not superconducting. However, the residual resistivity ratio
(RRR) is 2.5, lower than that expected for a pure material
free of defects and disorder, and there is a slight upturn in the
resistivity below 7=20 K to pg35=0.64 mQ cm at T
=0.35 K. The most likely origin for both of these observa-
tions is scattering at grain boundaries in the polycrystalline
pellet. However, these results could also be intrinsic to
LaFePO and the result of weak localization or other effects.
One indication that the upturn may be intrinsic is our obser-
vation of a small but positive magnetoresistance under an
applied field of uoH=9 T [right half of inset of Fig. 4(a)]
that is greatest at the resistivity minimum. Positive magne-
toresistances are unusual and not readily explained solely by
grain-boundary effects, and the fact that the magnetoresis-
tance maximum occurs at the resistivity minimum suggests
that the two are related. Furthermore, the thermopower data
also show a minimum at a similar temperature and the mag-
netization (see above) has a slight upturn. High quality single
crystals would be helpful in determining the origin of these
results. The present data show that LaFePO is an n-type
metal that is nonsuperconducting above 7=0.35 K.

The nonmagnetic, metallic nature of LaFePO is confirmed
by specific-heat measurements. Figure 5 shows the low-
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FIG. 4. (Color online) (a) Resistivity measurements on a poly-
crystalline pellet show that LaFePO is metallic and displays a slight
positive magnetoresistance. The left inset shows the low-
temperature region confirming the nonsuperconducting nature of
this sample. The right inset shows the observed resistivity mini-
mum, possibly from spin fluctuations. (b) Thermopower data show
that LaFePO is an n-type metal. An upturn at low temperatures is
also observed (inset).

temperature specific heat at uoH=0, 1, 3, and 9 T. At all four
fields there is a sharp upturn at the lowest temperatures (T
<1 K). A plot of CT? versus T* below T=1 K (inset of Fig.
5) is linear for all four cases. Thus the sharp increase can be
described as the high-temperature portion of a Schottky
anomaly with a contribution to the specific heat of Cgpoyy
B . . . . .
=:. This term is ascribed to the freezing out of nuclear spins
of either *'P(S=1/2) and/or **La(S=7/2). The lack of a
comparable upturn in the case of CeFePO,* and the presence
of an upturn in the case of LaNiAsO,? suggests that the
origin is *’La. In addition to the Schottky anomaly, there is
a broad upturn in the ugH=0 T data that starts at higher
temperatures (=35 K). This broad upturn is weakly en-
hanced at uyH=1 T and suppressed by uoH=9 T. It is well
described by a logarithmic contribution to the specific heat of
Cy4=AT? In T. Therefore the specific heat below 7=10 K
was fit to the formula C=yT+BT*+AT> In T+ %, where 1,
B, A, and B are refinable parameters. The fits are quite good,
as shown in Fig. 5, and the values of the parameters are
given in Table II. The fitted Sommerfeld coefficients (y) are
very close to what is expected®®? from the predicted density
of states at the Fermi level ('yca]c=14.lﬁjl(2), implying a
negligible effective-mass enhancement. This is also consis-
tent with the measured susceptibility (Fig. 3): Xmeas=3-1

><1()‘9mm—;l (=24 X 1074-20-) is close to the expected

mol Oe
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FIG. 5. (Color online) Specific-heat measurements show both a
Schottky anomaly below 1 K and 7% In T behavior responsible for
the broad upturn around 5 K. The lines are fits to the data (see text).
The 73 In T contribution is suppressed under an applied field, sug-
gesting that its origin is spin fluctuations. The inset shows a fit to
the 7<1 K data showing good agreement with a Schottky
anomaly.

value,® Yo =24 X 10925 (=1.9 X 107-)  Although it
is impossible to separate the Pauli and Landau components
of the measured susceptibility from our data, the Stoner en-
hancement factor, indicative of the degree of exchange en-
hancement in the system, can be estimated as S=%%
=1.9, where the numerical prefactor converts the measured
susceptibility to estimate the Pauli contribution.** This is
small and, given the large predicted density of states at the
Fermi level, would not be expected to cause an observable
mass enhancement in y. However, > 1.0 implies exchange-
enhanced behavior and the presence of the logarithmic con-
tribution to the specific heat is consistent with this picture.
Taking the enhancement as arising from the presence of spin
fluctuations (LaFePO is predicted to be near a magnetic in-
stability), the spin-fluctuation temperature T and lattice con-
tribution B; can be extracted from the fitted B and A
values.*> The values obtained are Ty=14.3 K and p;
=O.199m:lﬂK4. The small value of T is consistent with the
observed suppression of the logarithmic term under high
fields and the concomitant decrease in . It is also consistent
with the Stoner enhancement factor estimated from the sus-
ceptibility data: using this T, the measured 7, and the fitted
coefficient A at uyH=1 T, the calculated*® Stoner enhance-
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ment factor is S=1.5, in reasonable agreement with S=1.9
from the susceptibility data (especially given the number of
assumptions). The value of B; corresponds to a Debye tem-
perature of =340 K, similar to what was found for
LaNiAsO. Thus the specific-heat data of LaFePO are consis-
tent with LaFePO, being a nonmagnetic metal with weak
exchange enhancement from spin fluctuations. The origins of
these fluctuations deserve further study, and could also ex-
plain the minimum in the resistivity and thermopower mea-
surements.

IV. DISCUSSION

These results are substantially different than those for the
related compound LaFeAsO. Recent research has shown that
LaFeAsO is a metal that undergoes a structural distortion at
T=150 K followed by the formation of a spin-density wave
(SDW) at T=134 K.®'* We see no evidence for either kind
of transition in LaFePO, down to T=10 K, by neutron dif-
fraction. This might be qualitatively explained by the fact
that the Fe-Fe separation is larger in LaFeAsO than it is in
LaFePO (2.85 A versus 2.80 A), meaning that it should be
closer to localized (magnetic) electron behavior. The Fe-Fe
separation of undoped SmFeAsO is reported to be only
2.79 A,7 smaller than what we find for LaFePO, but Sm-
FeAsO exhibits the same peak in the resistivity that is seen at
the structural transition in LaFeAsO near T=150 K.” This
suggests that the in-plane metal-metal distance is not the
critical factor in driving the structural distortion. Instead, we
propose that the important structural feature is the shape of
the iron-pnictide tetrahedron. Figure 2(b) shows a compari-
son of the Fe-pnictide tetrahedron in LaFePO and
LaFeAsO.'" The Fe-X bond distance increases by 6%, from
228 A (X=P) to 2.41 A (X=As), a consequence of the
larger size of As relative to P. This change (0.13 A) is close
to what is expected from related compounds (e.g., the mean
Fe-X bond distance increases by 0.13 A between FeP and
FeAs). Although the bond lengths increase by 6%, the in-
plane Fe-Fe distance only increases by 2%. This is consistent
with the fact that the dimensions of the ionic La-O,-La layer
are expected to be fixed by the size of La** and O~ ions.
Since each lanthanum ion is also coordinated to four pnictide
ions [Fig. 2(a)], the in-plane dimensions of the X-Fe,-X
layer will be primarily determined by the La-O,-La network,
which is consistent with what is observed. Thus when going
from P to As, the larger size of the pnictide results in a
substantial expansion of the ¢ axis to obtain favorable Fe-As
bond lengths. Thus the tetrahedron in LaFeAsO is less com-
pressed than in LaFePO [Fig. 2(b)] with a top As-Fe-As bond

TABLE II. Parameters extracted from fits of the low-temperature specific heat of LaFePO.

Applied field 7y (mJ mol™' K72)

B (mJ mol™! K™%

A (mJ mol™' K™% B (mJ K mol™)

0T 12.5(1) -0.098(26) 0.111(12) 0.17(2)
1T 13.1(1) -0.117(20) 0.120(8) 0.13(2)
3T 12.3(1) 0.0004(2) 0.072(4) 0.10(1)
9T 11.0(1) 0.031(3) 0.066(1) 0.22(2)
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angle of 113.0 ° compared to a P-Fe-P angle of 120.6 ° (an
ideal tetrahedron would have an angle of 109.5 °). This de-
creases the Jahn-Teller splitting of the d-orbital-derived
bands [Fig. 2(b)] and reduces the energy range spanned by
d-derived states. In turn this means that intrasite electron
correlations (Hubbard U) can drive the As system closer to
localized, nonmetallic behavior. This qualitative chemical
explanation matches recent theoretical work, which showed
that LaFeAsO is close to opening a gap at the Fermi level
due to electron-electron correlations.>

V. CONCLUSION

In conclusion, our dc and ac magnetization, resistivity,
specific-heat, and neutron-diffraction data show that stoichi-
ometric LaFePO is nonmagnetic and nonsuperconducting
above 7=0.35 K. These results suggest that the supercon-
ductivity observed in the LaFePO system may be due to
either oxygen deficiency,*® as has been reported in the
case of LaFeAsO,'® or the presence of superconducting
impurities such as LaFe P, (T.=4.1 K),*!' lanthanum metal
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(T.=6.9 K), or tin flux inclusions (7,=3.1 K). In contrast to
LaFeAsO, which shows both a structural and SDW transi-
tion, we find that LaFePO is a normal metal with no mag-
netic behavior except a T° In T contribution to the specific-
heat data at low temperatures that is attributable to spin
fluctuations. We propose that the differences in the shape of
the metal-pnictide tetrahedron between the P and As cases,
due to the size difference of the pnictide and chemical pres-
sure of the La-O,-La framework, are responsible for the radi-
cally different properties observed.

Note added in proof. Superconductivity at 38 K was re-
cently reported*’ in K-doped BaFe,As,, which has the same
iron-pnictide layers as in the LnOFeX family.
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