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Superconducting and magnetic anisotropy of LnFePO (Ln = La, Pr, and Nd) single crystals
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The superconducting and magnetic properties of PrFePO and NdFePO are reported. Measurements of the dc and
ac magnetic susceptibility reveal that, in comparison to the analogous compound without f electrons, LaFePO, the
superconducting transition temperatures Tc are only moderately affected by the lanthanide 4f -electron magnetic
moments. These results indicate that either the exchange interaction that leads to magnetic pair breaking is
extremely weak or the superconducting state is unconventional. Measurements of the upper-critical-field curves
and the magnetic susceptibility also reveal that the magnetic-field-induced suppression of the superconducting
state is not strongly correlated with spin polarization of the magnetic lanthanide ions.
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I. INTRODUCTION

The iron-pnictide/chalcogenide (Fe-Pn/Ch) compounds
have attracted intense interest recently, largely due to the obser-
vation of high-temperature superconductivity (SC) throughout
a broad range of chemical formulas, all of which include
corrugated (Fe-Pn/Ch) layers.1–3 The highest SC transition
temperatures (Tc) are observed for the optimally doped
LnFeAsO compounds [Ln = lanthanide; e.g., Tc, max ≈ 55 K
for SmFeAsO1−xFx (Ref. 4)]. However, the sharpest focus
has been on the MFe2As2 (M = Ca,Sr,Ba) and Fe(S,Se,Te)
analogs. Less attention has been given to the P-based examples
LnFePO, which have lower Tc’s,5–7 although variations of
these compounds show enhanced SC properties [e.g., Tc ≈ 17
K for Sr2ScO3FePO (Ref. 8) and Tc ≈ 14 K (onset) for
LaFePO under nonhydrostatic pressure].6

For all of these compounds, the microscopic mechanism for
SC remains unclear, although a focused effort has been made to
understand the order parameter symmetry and its relationship
to the Fermi surface.1,2,9,10 Many studies provide evidence
for singlet spin pairing of the superconducting electrons [e.g.,
57Fe Knight shift measurements on LaFeAsO0.7 (Ref. 11)],
corresponding to s- or d-wave orbital states. Additionally,
Josephson tunneling experiments [e.g., for Ba1−xKxFe2As2

(Ref. 12)] are consistent with the so-called s± model. On the
other hand, penetration depth13,14 and thermal conductivity15

measurements on LaFePO indicate the presence of nodes in
the SC energy gap, in contrast to what is expected from the s±
model. Therefore, it is unclear whether the gap function is the
same for all Fe-Pn/Ch SCs.

One of the most intriguing issues is whether the SC of all
high-Tc Fe-Pn/Ch materials and their related low-Tc analogs
has the same origin. Support for a common mechanism of SC
is provided by the observation that the Pn/Ch-Fe-Pn/Ch bond
angle is correlated with Tc, which suggests that the crystalline
anisotropy tunes the Fermi surface and, consequently, the SC
state.1,16–18 On the other hand, the introduction of magnetic
Ln ions enhances Tc for the Fe-As 1111 compounds, but
reduces Tc in the Fe-P analogs, indicating that the SC states
for these classes of compounds may be influenced differently
by magnetic interactions.7

We undertook a study of single crystals of LnFePO (Ln =
Pr and Nd) in order to address the effect of Ln magnetic

moments on the SC in this system. Our results reveal that Tc

is not strongly reduced by the Ln ions that carry magnetic
moments. This result indicates that if the SC in the LnFePO
compounds is conventional (i.e., s-wave spin-singlet BCS
type), then the exchange interaction between the magnetic Ln

ions and the electrons participating in the SC state is relatively
weak. On the other hand, if the SC state is unconventional (e.g.,
d-wave spin singlet or p-wave spin triplet) then it is perhaps not
surprising that the magnetic moments have such a small effect.
We also find that the magnetic-field-induced suppression of
the superconducting state is not strongly correlated with spin
polarization of the magnetic lanthanide ions.

II. EXPERIMENTAL DETAILS

Single crystals of PrFePO and NdFePO were grown from
elements and elemental oxides with purities greater than
99.9% in a molten Sn:P flux as described previously.6,7 Before
measurements were performed, the crystals were heat treated
at 700 ◦C for 24 h under flowing O2, since our previous
work indicates that this process improves the SC volume
fraction.7 Measurements of the dc magnetic susceptibility
χdc(T ) for 2 � T � 300 K at constant magnetic field (H =
1 T) and magnetization M(H ) for 0 � H � 7 T at constant
temperature (T = 2 K) were performed using a Quantum De-
sign superconducting quantum interference device (SQUID)
magnetometer. The specimens consisted of aligned mosaics
of the plateletlike crystals, which were mounted on tape with
the ab plane either perpendicular (⊥) or parallel (‖) to H ;
ten single crystals with a total mass near 0.105 mg and
five single crystals with a total mass near 0.027 mg were
used for PrFePO and NdFePO, respectively. The ac magnetic
susceptibility χac(T ) measurements were carried out using a
mutual inductance technique for 0.05 � T � 5.5 K in constant
H over the range 0 � H � 2.5 T at 17 Hz with a primary
field of ∼0.05–0.15. Collections of ∼30 single crystals of
PrFePO and NdFePO were mounted on copper disks using
GE varnish and aligned either perpendicular or parallel to H .
We estimate an uncertainty of 5◦ in the alignment for the χac(T )
measurements, since space restrictions required stacking of the
crystals.
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FIG. 1. (Color online) dc magnetic susceptibility χdc = M/H vs
temperature T for the magnetic field H applied perpendicular and
parallel to the ab plane for PrFePO. The solid lines are the CW fits to
the data (see text). Inset: M vs H for H ‖ c and H ⊥ c.

III. RESULTS

The χdc(T ) data (Fig. 1) for PrFePO reveal pronounced
anisotropy, with the easy direction in the ab plane. For H ‖
ab, the data are described by a Curie-Weiss (CW) law for
20 � T � 300 K,

χ (T ) = χ0 + C/(T − θ ), (1)

where θ ≈ −22 K and the effective magnetic moment μeff ≈
4.2μB is somewhat larger than the Hund’s rule value expected
for Pr3+ (4f 2), for which μeff ≈ 3.6μB . In order to describe
the data using a CW expression, it is necessary to include
a small constant, χ0 ≈ 0.006 cm3/mol. For T � 20 K, χ (T )
deviates from the CW behavior and saturates toward a constant
value of 0.064 cm3/mol with decreasing T . This behavior was
previously taken as evidence for a nonmagnetic ground state
arising from crystalline electric field splitting of the Hund’s
rule multiplet.7 In contrast, the χdc(T ) data for NdFePO are
nearly isotropic (Fig. 2). For H ‖ ab, the data are described
by a Curie-Weiss law for 2 � T � 300 K, where θ ≈ −18
K and μeff ≈ 3.9μB , close to the Hund’s rule value expected
for Nd3+ (4f 3), for which μeff ≈ 3.6μB . As for PrFePO, it is
necessary to include a small constant, χ0 ≈ 0.017 cm3/mol, in
order to describe χdc(T ) for NdFePO using a CW expression.
Nearly identical CW fit parameters are found for H ⊥ ab.
Since the full moment CW behavior extends down to 2 K, it
appears that crystalline electric field splitting does not play a
significant role in the magnetic behavior of this system. We
also note that for H both parallel and perpendicluar to ab,
there is evidence for a small amount of Fe2P in the NdFePO
specimens (although efforts were made to pick samples with
minimal impurity), which introduces weak curvature in χdc(T )
near 220 K.

ac magnetic susceptibility measurements for PrFePO are
shown in Fig. 3 for H parallel and perpendicular to ab. For
H = 0 T, a large step appears in χac(T ) near Tc ≈ 4.4 K,
which coincides with the signatures of SC that were previously
observed in measurements of electrical resistivity, dc magnetic
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FIG. 2. (Color online) dc magnetic susceptibility χdc = M/H vs
temperature T for the magnetic field H applied perpendicular and
parallel to the ab plane for NdFePO. The solid lines are the CW fits
to the data (see text). Inset: M vs H for H ‖ ab and H ⊥ ab.

susceptibility, and specific heat. For each measurement, a lin-
ear background corresponding to the slope of the susceptibility
above Tc has been subtracted from the data. A straight-line
extrapolation to χac(T ) = 0, as shown in Fig. 3, was used to
define Tc. Curves of Hc2(T ) (Fig. 3, right panel) were thereby
generated, revealing pronounced anisotropy between Hc2‖(T )
and Hc2⊥(T ). A similar data set is presented for NdFePO
(Fig. 4) where Tc and curves of Hc2 are defined in the same
way as for PrFePO. For H = 0 T, this analysis again yields
Tc ≈ 4.4 K, and pronounced anisotropy between Hc2‖(T ) and
Hc2⊥(T ) is observed.

We calculated the Clogston-Chandrasekhar Pauli limiting
field at zero T , given in units of tesla, by means of
the expression Hp0 ≡ 1.84Tc, which for Tc ≈ 4.4 K gives
Hp0 ∼ 8.1 T. This value is well above the extrapolated
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FIG. 3. (Color online) Left panels: ac magnetic susceptibility χac

vs temperature T for the magnetic field H parallel and perpendicular
to the ab plane for PrFePO. Right panel: Upper critical field Hc2 vs
T for H parallel and perpendicular to the ab plane.
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FIG. 4. (Color online) Left panels: ac magnetic susceptibility χac

vs temperature T for the magnetic field H parallel and perpendicular
to the ab plane for NdFePO. Right panel: Upper critical field Hc2 vs
T for H parallel and perpendicular to the ab plane.

zero-T critical field lines for PrFePO and NdFePO. Thus,
the upper critical fields appear to be limited by orbital
depairing. The zero-T value of the orbital critical field can
be approximated using the Werthamer-Hefland-Hohemberg
(WHH) expression HWHH(0) = −0.693(dHc2/dT )Tc

Tc. Us-
ing the values dH⊥

c2/dT = −0.066 and −0.065 T/K and
dH

‖
c2/dT = −1.135 and −0.709 T/K, we find that H⊥

WHH(0) ≈
0.20 and 0.20 T while H

‖
WHH(0) ≈ 3.46 and 2.16 T for PrFePO

and NdFePO, respectively.
We also calculated the Ginzburg-Landau coherence lengths

parallel and perpendicular to the ab plane, ξ‖ and ξ⊥,
respectively, which can be estimated from the slopes of H

‖
c2

and H⊥
c2 near Tc, i.e.,

(dH⊥
c2/dT )Tc

= −�0/2πTcξ
2
‖ (2)

and

(dH
‖
c2/dT )Tc

= −�0/2πTcξ⊥ξ‖, (3)

where �0 = hc/2e = 2.07 × 10−7 G cm2 is the flux quantum.
From the values for the initial slope of the critical field curves
given above, we obtain ξ‖ = 337 Å and ξ⊥ = 19 Å and ξ‖ =
339 Å and ξ⊥ = 31 Å for PrFePO and NdFePO, respectively.
These values are quite similar to what was earlier found for the
analogous compound without f electrons, LaFePO.6 Results
are summarized in Table I.

IV. DISCUSSION

The Tc’s of 4.4 K for the two compounds PrFePO and
NdFePO, considered herein, and 3.1 K for the compound
SmFePO, reported in Ref. 19, are appreciably reduced with
respect to the Tc of 6.6 K for LaFePO. This reduction of Tc for
Ln = Pr, Nd, and Sm relative to La in the LnFePO series is in
marked contrast to the increase of Tc for Ln = Pr,Nd,Sm rel-
ative to La in the LnFeAsO series, after the latter compounds
have been appropriately doped with charge carriers through F
substitution or reduction of oxygen to suppress the spin density

TABLE I. Data summarizing the magnetic and SC properties
of LnFePO (Ln = La, Pr, and Nd). Data for LaFePO are from
Ref. 6. Data for PrFePO and NdFePO are from this work. The listed
quantities are the following: SC transition temperature Tc, initial slope
of the upper critical field curve for H perpendicular and parallel to
the ab plane, (dH⊥

c2/dT )Tc
and (dH

‖
c2/dT )Tc

, coherence lengths ξ⊥
and ξ‖ calculated using Eqs. (2) and (3), magnetic susceptibilities
at 2 K, χ⊥,2 K and χ‖,2 K, anisotropies of the initial slopes of
the critical field curves, γHc2 = (dH⊥

c2/dT )Tc
/(dH

‖
c2/dT )Tc

= ξ⊥/ξ‖,
and anisotropies of the magnetic susceptibilities at 2 K,γχ,2 K =
χ⊥,2 K/χ‖,2 K.

LaFePO PrFePO NdFePO

Tc (K) 6.6 4.4 4.4
(dH⊥

c2/dT )Tc
(T/K) −0.017 −0.066 −0.065

(dH
‖
c2/dT )Tc

(T/K) −0.86 −1.14 −0.71
ξ⊥ (Å) 34 19 31
ξ‖ (Å) 170 337 339
χ⊥,2 K (cm3/mol) 0.0021 0.009 0.126
χ‖,2 K (cm3/mol) — 0.064 0.112
γHc2 0.200 0.056 0.091
γχ,2K — 0.14 1.1

wave and induce superconductivity (Ref. 7 and references cited
therein). One possible explanation for the depression of Tc for
Ln = Pr, Nd, and Sm in the LnFePO compounds, assuming
conventional BCS singlet-spin s-wave superconductivity, is
superconducting electron pair breaking due to the exchange
interaction between the spins of the conduction electrons and
the magnetic moments of the Pr, Nd, and Sm ions.20 However,
the strength of the exchange interaction and the resultant
depression of Tc would have to be small enough to allow the Pr,
Nd, and Sm compounds to remain superconducting, in spite
of the complete occupation of Ln sublattice by Ln ions that
carry magnetic moments. Such a situation occurs, for example,
in the ternary lanthanide compounds LnMo6X8 (X = S,Se)
and LnRh4B4, and the quaternary Ln compounds LnNi2B2C,
which have been studied extensively with respect to the
interrelation of superconductivity and magnetic order.21,22 In
these compounds, the strength of the exchange interaction is
small enough to allow the compounds to remain supercon-
ducting, but large enough to produce magnetic ordering of
the Ln ions via the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction with magnetic ordering temperatures TM that are
comparable to Tc. The comparable values of Tc and TM allow
the interplay between superconducting and magnetic order
to be investigated in these materials. In contrast, in many
superconductors, the exchange interaction is so strong that the
superconductivity is suppressed to 0 K at Ln concentrations xcr

of a few atomic percent or less [e.g., La1−xGdx where xcr ≈ 1%
(Ref. 23); La1−xGdxAl2 where xcr ≈ 0.6% (Ref. 24)]. When
Tc is reduced by pair breaking, the initial depression of
Tc with concentration x of Ln ions with partially filled
f-electron shells is linear with a rate −dTc/dx that scales
with j 2(gJ − 1)2J (J + 1), where j is the exchange interaction
parameter that describes the strength and sign of the exchange
interaction, (gJ − 1)2J (J + 1) is the de Gennes factor,25 and
gJ and J are, respectively, the Landé g factor and total angular
momentum of the Hund’s rule ground state of the Ln ion.
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Since the magnitude of J is roughly constant as one moves
across the Ln series, except for Ce, the depression of Tc

goes through a pronounced peak in the middle of the Ln

series at Ln = Gd. However, for the case of Ce, hybridization
between the Ce3+ localized 4f and the conduction electron
states generates a large negative contribution to the exchange
interaction and, in turn, the Kondo effect, both of which
conspire to produce an anomalously large depression of Tc.20,26

In fact, this may be the reason that the compound CeFePO does
not display superconductivity down to 400 mK, the lowest
temperature to which it has been measured.27 Since values
of Tc are known only for the light Ln elements La through
Sm, it is not possible to make a definitive test of the de
Gennes scaling of the depression of Tc to obtain information
regarding the question of whether the LnFePO compounds
exhibit BCS superconductivity or some type of unconventional
superconductivity. Studies of two heavy-fermion compounds
containing Ln ions with partially filled 4f electron shells that
show unconventional superconductivity, UPt3 (Ref. 28) and
CeCoIn5 (Ref. 29), have revealed that the rate of depression
of Tc scales with the mean free path λ and superconduc-
tivity is quenched when λ is comparable to the coherence
length.

An applied magnetic field and polarization of the Ln

magnetic moments by a magnetic field also break super-
conducting electron pairs in a BCS superconductor. This
generally leads to a suppression of the upper critical field
Hc2(T ), where the suppression is larger in the easy direction
of magnetization of the Ln ions.30,31 Since the anisotropy of the
Hc2(T ) does not correlate with the easy axis of magnetization
of the Pr and Nd ions in the LaFePO compounds studied
in this work, the coupling of the Ln magnetization to the
conduction electron spins is weak, consistent with a small
exchange interaction for a BCS superconductor, or some
type of unconventional superconductivity that is relatively
insensitive to magnetic interactions (e.g., spin-triplet p-wave
superconductivity).

We further remark that our values for Tc for Ln = Pr
and Nd may not be optimized, as is implied by several
factors. First, bulk SC appears in these samples only fol-
lowing the heat treatment described earlier. However, the
effect of this procedure is not well understood; i.e., it is
unclear whether it influences the oxygen content, internal
strain, or some other quantity. Further evidence that ideal
specimens might exhibit higher Tc’s is provided by the broad
SC transitions, which suggest that a range of Tc’s may be
found within a given sample. Moreover, recent point contact
spectroscopy measurements indicate that the onset of SC
occurs at higher temperatures than would be inferred from bulk
measurements.32

We also find that, while the magnetic anisotropies for
Ln = Pr and Nd are dramatically different, the anisotropies
of Hc2(T ) for Ln = La, Pr, and Nd are quite similar. As
summarized in Table I, χ⊥,2 K and χ‖, 2K differ by factors
of 14 and 1.75 between PrFePO and NdFePO, respectively.
In contrast, there is little variation between the initial slopes
of the critical field curves for PrFePO and NdFePO; for
H ⊥ c, they are nearly identical and for H ‖ c they differ
by a factor of 1.6. Therefore, for H ⊥ c, it is clear that
even though there is a dramatic difference in χ⊥,2 K, the
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FIG. 5. (Color online) SC transition temperature Tc vs the
anisotropy of the initial slope of the upper-critical-field curves
(dH⊥

c2/dT )Tc
/(dH

‖
c2/dT )Tc

= ξ⊥/ξ‖[according to Eqs. (2) and (3)].
Data for PrFePO and NdFePO are from this work. Data for
LnFeAsO (Ln = La, Pr, Nd, and Sm) compounds are from
Refs. 33–39. Data for M(Fe1−xTx)2As2 (M = Ca,Sr,Ba and T =
Co,Ni), M1−xAxFe2As2 (A = K,Rb), and EuFe2As2 are from Refs.
40–60. Data for Fey(Te1−xSex), Fey(Te1−xSx)z and FeSe are from
Refs. 61–69. Data for stoichiometric low-Tc materials are from
Refs. 6,70–75.

polarization of the Ln spins in this direction does not influence
the superconducting state. However, for H ‖ c, the difference
in χ‖,2 K may be correlated with the initial slopes of the
critical field curves: i.e., spin polarization in this direction
may suppress the upper-critical-field curve more strongly for
NdFePO than for PrFePO. However, we point out that this
relationship may be coincidental, particularly if we consider
the fact that the initial slope of the upper-critical-field curve for
H ‖ c for LaFePO is comparable to that of both PrFePO and
NdFePO.

Motivated by the weak relationship between the magnetic
and SC states in these materials, we searched for other possible
correlations between easily obtained physical quantities for
the T -Pn/Ch superconductors. In particular, we attempted to
relate Tc and the anisotropy of the initial slope of the critical
field curves (dH⊥

c2/dT )Tc
/(dH

‖
c2/dT )Tc

= ξ⊥/ξ‖ [according
to Eqs. (2) and (3) (Fig. 5). We have reproduced the published
data as accurately as possible, but the reader is referred to
the literature cited in the figure caption for the definitive
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data sets. From this treatment, we first see that there is a
broad range of anisotropies, but (dH⊥

c2/dT )Tc
� (dH

‖
c2/dT )Tc

.
This result likely reflects the underlying crystalline anisotropy.
A noteworthy exception to this trend is seen for SrNi2As2,
for which (dH⊥

c2/dT )Tc
/(dH

‖
c2/dT )Tc

≈ 1.4.71 Upon further
inspection, it is also apparent that the 1111 compounds tend
to have larger anisotropies than the 122 and 11 compounds,
as indicated by the vertical line in Fig. 5. It also appears
that for the high-Tc compounds (Fig. 5, top three panels),
the maximum values for Tc may be clustered around limited
ranges of ξ⊥/ξ‖, which differ for 1111s, 122s, and 11s.
However, we emphasize that this observation is not definitive
since the peaked regions are not sharp, include data points
which do not fall on the peaks, and are composed of data
from several different studies. For the low-Tc compounds
(Fig. 5, bottom panel), Tc appears to decrease with decreasing
anisotropy.

V. CONCLUSION

The SC and magnetic properties of PrFePO and NdFePO
reveal that the superconductivity of these compounds is
only weakly affected by the lanthanide magnetic moments.
These results indicate that either the exchange interaction that
leads to magnetic pair breaking is weak or the SC state is
unconventional. We also find that the magnetic-field-induced
suppression of the superconducting state is not strongly
correlated with spin polarization of the magnetic lanthanide
ions.
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