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Ternary iron phosphide EuFe,P, with ThCr,Si,-type structure has been systematically studied by the mea-
surements of crystal structure, magnetization, Mossbauer effect, transport properties, and specific heat. The
structural refinement result confirms no direct P-P covalent bonding. The Mdssbauer spectra indicate no
magnetic moment for the Fe atoms and that the Eu ions are divalent in the whole temperatures. The Eu>* spins
order ferromagnetically at 7-=29 K, followed by a possible helimagnetic ordering below T=26 K, where
the Eu?* moments tilt a little from the ¢ axis. External magnetic field increases the T~ gradually but suppresses
the Ty rapidly. (Magneto)resistivity data indicate characteristic dense Kondo behavior above the Curie tem-
perature. The result is discussed in terms of the interplay between intersite Ruderman-Kittel-Kasuya-Yosida

and intrasite Kondo interactions.

DOI: 10.1103/PhysRevB.82.094426

I. INTRODUCTION

The interplay between 4f and conduction electrons in in-
termetallic compounds has led to a wide variety of novel
ground states,!” attracting sustained interest in condensed
matter physics community. In the pnictide family, EuT,Pn,
(T=transition metals; Pn=As or P) offers us a rare opportu-
nity to access such an interplay. The ternary compound crys-
tallizes in ThCr,Si,-type structure, consisting of Eu sublat-
tice with 4f electrons and T sublattice with 3d electrons.
Europium is known as a special rare-earth element due to the
two stable valence configurations: Eu** and Eu**, showing a
large moment (J=5=7/2) and zero moment (/=0), respec-
tively. In most cases, europium shows the lower valence with
high magnetic moment, which renders magnetically ordered
ground states. However, mixed-valence state for Eu was evi-
denced by Mossbauer investigations in a “collapsed” phase
EuNi,P,.? By applying pressures, a structural transition to-
ward the collapsed phase was observed in EuCo,P, and
EuFe,P,, accompanying with a partial valence transition.*>
In earlier studies, valence fluctuations of Eu were also dem-
onstrated in EuCu,Si, system.%’

The europium iron pnictide EuFe,Pn,, first synthesized
more than 30 years ago,® exhibits totally different physical
properties for Pn=As and P. EuFe,As, undergoes a spin-
density-wave transition in the Fe sublattice at 200 K, fol-
lowed by an AFM ordering of Eu?>* moments at 20 K.°-!! By
contrast, as reported in Ref. 3, the Fe atoms do not carry
local moments while the Eu®* spins order ferromagnetically
(FM) at 27 K in EuFe,P,. Surprisingly, by doping P into
EuFe,As,, both superconductivity coming from Fe 3d elec-
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trons and ferromagnetism due to Eu 4f moments were ob-
served in EuFe,(As, Py 3),."

While EuFe,As, has been extensively studied
recently,!%113-19 few  works>> have been devoted to
EuFe,P,. To the best of our knowledge, the transport and
thermodynamic properties of EuFe,P, have not been re-
ported so far. Moreover, the contrasting behaviors between
an iron arsenide and its sister phosphide are explicitly dem-
onstrated in CeFePrnO system: CeFeAsO serves as a parent
compound for high-temperature superconductors®® but
CeFePO has been recognized as a heavy Fermion metal with
ferromagnetic correlation.”! Therefore, what EuFe,P, be-
haves is an important issue to be investigated. In this paper,
we performed a systematic study on EuFe,P, by the mea-
surements of crystal structure, transport properties, specific
heat, as well as magnetic properties and Mdssbauer spectra.
The Eu valence state is confirmed to be 2+ in the whole
temperatures and the Eu?* moments order in a complex man-
ner rather than the simple reported ferromagnetism at low
temperatures. Strikingly, EuFe,P, shows a dense Kondo be-
havior. Our result demonstrates that, as an Eu-containing
compound, EuFe,P, sets a rare example displaying the inter-
play between Kondo and Ruderman-Kittel-Kasuya-Yosida
(RKKY) interactions.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of EuFe,P, were synthesized by
solid-state reaction between EuP and Fe,P, as reported
previously.'> EuP was presynthesized by heating europium
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grains and phosphorus powders very slowly to 1173 K, then
holding for 36 h. Fe,P was presynthesized by reacting iron
and phosphorus powders at 973 K for 24 h from stoichio-
metric amounts of the elements. All the starting materials
have the purity better than 99.9%. Powders of EuP and Fe,P
were weighed according to the stoichiometric ratio, thor-
oughly ground and pressed into pellets in an argon-filled
glove box. The pellets were then sealed in an evacuated
quartz tube and sintered at 1273 K for 36 h then cooled
slowly to room temperature.

Powder x-ray diffraction (XRD) was carried out using a
D/Max-rA diffractometer with Cu K« radiation and a graph-
ite monochromator. The structural refinement was performed
using the program RIETAN 2000.”2 The electrical resistivity
was measured using a standard four-probe method. Thermo-
electric power measurements were carried out by a steady-
state technique with a temperature gradient ~1 K/cm. Mag-
netoresistance (MR) and specific-heat measurements were
performed on a Quantum Design physical property measure-
ment system (PPMS-9). The dc magnetization was measured
on a Quantum Design magnetic property measurement sys-
tem (MPMS-5).

Mossbauer studies were performed using a conventional
constant acceleration drive. The sources were 50 mCi
37Co:Rh for *'Fe spectra and 200 mCi *'Sm,05 source for
the °'Eu spectra. The absorbers were measured in a Janis
model SHI-850-5 closed cycle refrigerator. The spectra were
analyzed in terms of least-square fit procedures to theoretical
expected spectra, including full diagonalization of the hyper-
fine interaction spin Hamiltonian. The analysis of the '>'Eu
spectra considered also the exact shape of the source emis-
sion line, as shown in Ref. 23. The velocity calibration was
performed with an a-iron foil at room temperature. The re-
ported isomer-shift (IS) values for iron are relative to the Fe
foil, for europium relative to the oxide source at room tem-
perature.

III. RESULTS AND DISCUSSION
A. Crystal structure

Figure 1 shows the powder XRD pattern for the as-
prepared EuFe,P, sample. No obvious secondary phase can
be detected. By employing ThCr,Si,-type structure with the
space group of /4/mmm, the crystal structure were success-
fully refined (the reliable factor R,,,=0.098; the goodness of
fit is 1.61). The fitted lattice parameters are a
=3.8178(1) A and ¢=11.2372(3) A, in agreement with the
literature values [a=3.818(1) A and c¢=11.224(4) A]S3
Compared with the counterpart of arsenide EuFe,As,,!! the a
and ¢ axes decrease by 2.3% and 7.3%, respectively. The
larger decrease in ¢ axis suggests stronger interlayer cou-
pling.

Detailed structural comparison between EuFe,P, and
EuFe,As, can be seen in Table I. The position of phosphorus
is closer to the iron planes, which leads to 13.7% decrease in
the thickness of Fe,Pn, layers. On the other hand, the spac-
ing of Fe,Pn, layers, namely, the Pn-Pn distance, only de-
creases by 2.1%. One note that the P-P distance (3.263 A) in
EuFe,P, is much larger than the threshold value of ~2.3 A
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FIG. 1. (Color online) Rietveld refinement profile of powder
x-ray diffraction at room temperature for EuFe,P,. The inset shows
the crystal structure. A possible magnetic structure is also illustrated
based on the magnetization and Mdssbauer results.

(Ref. 24) for the P-P bonding along the c¢ axis. Therefore,
unlike the collapsed phase EuNi,P,,? there is no covalent P-P
bonding in EuFe,P, at ambient condition. This result is con-
sistent with the previous report.* In the concept of bond va-
lence sum,?’ the formal valence of Eu is calculated to be 1.89
using the Eu-P bond length data and the related parameters.”®

B. Magnetization

Although the XRD experiment shows no obvious second-
ary phase, the magnetic measurement indicates a steplike
decrease in susceptibility from 200 to 300 K (not shown
here). Similar phenomena was observed previously in the
EuFe,(As, 7P, 3), sample,'? which is due to the presence of
trace amount of ferromagnetic impurity Fe,P with a Curie
point at 306 K.2” The molar fraction of Fe,P was estimated
to be below 1% from the M(H) curves at 100 K. Figure 2(a)
shows the temperature dependence of magnetic susceptibility
(x) below 120 K for the EuFe,P, sample. The data of
35 K=T7T=120 K follow the modified Curie-Weiss law,

TABLE 1. Comparison of room-temperature crystal structures
for EuFe,As, (Ref. 11) and EuFe,P, (this work). The atomic coor-
dinates of Eu, Fe and Pn are (0, 0, 0), (0.5, 0, 0.25), and (0, 0, z),
respectively.

Compounds EuFe,As, EuFe,P,

Space group 14/ mmm 14/ mmm

a (A) 3.9062(3) 3.8178(1)
¢ (A) 12.1247(2) 11.2372(3)
v (A3) 185.01(1) 163.79(1)
z of Pn 0.3625(1) 0.3548(2)
Fe,Pn,-layer thickness (A) 2.728(2) 2.355(2)

Pn-Pn distance (A) 3.333(2) 3.263(2)

Eu-Pn bond length (A) 3.226(2) 3.154(2)

Pn-Fe-Pn angle (deg) 110.1(1) 116.7(1)

Bond valence sum for Eu 1.93 1.89
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FIG. 2. (Color online) (a) Temperature dependence of magnetic
susceptibility measured under H=1 kOe for EuFe,P,. The low-
field susceptibility data (H=20 Oe) is shown in the inset. (b) An
Arrot plot for EuFe,P,.

C

X=Xo+ 17— (1)

where Y, denotes the temperature-independent term, C the
Curie-Weiss constant, and 6 the paramagnetic Curie tempera-
ture. The fitted value of x is as high as 0.22 emu/mol, which
is mainly ascribed to the ferromagnetic Fe,P impurity. The
fitting also yields the effective magnetic moments P,
=8.3 up per formula unit and 6=29 K. The P,/ value is
consistent with the theoretical value of 7.94 up for a free
Eu?* ion (The slightly larger value is also due to the influ-
ence of the tiny Fe,P impurity). A ferromagnetic transition is
manifested by the rapid increase in y below 30 K, as well as
the divergence of zero-field-cooling (ZFC) and fied-cooling
(FC) data. This result is basically consistent with the previ-
ous report claiming FM transition at 27 K by Mossbauer and
magnetic-susceptibility investigations.> However, the Curie
point (T) has 2 K difference. In fact, precise determination
of the T by a single M(T) curve is difficult because of the
large moments of Eu?*. We thus measured series of M(H)
curves nearby 7. The data are shown in the plot of M? vs
H/M (so-called Arrot plot), which clearly indicates that the
Curie temperature is 29 K.

Below the T, we note a kink at 26 K in the y(7) data
[shown in the inset of Fig. 2(a)], which is quite different
from those of the conventional ferromagnet. The temperature
dependence of magnetization under various fields is dis-
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FIG. 3. (Color online) Temperature dependence of magnetiza-
tion under various magnetic fields for EuFe,P,. T(- and Ty denote
the ferromagnetic and helimagnetic transition temperatures,
respectively.

played in Fig. 3. For high magnetic fields, say uoH=1 T, the
magnetization approximately saturates to the theoretical
value of g§=7.0 ug/fu. at 2 K. In the case of low fields,
however, there is another magnetic transition below T, char-
acterized by the temperature-independent magnetization.
This phenomenon is very much similar to that in
Eu(Fe( 9Coy 11)2As,,28 where a helimagnetism (HM) was
proposed. In the HM state, as illustrated in the inset of Fig. 1,
the Eu* spins align ferromagnetically within the Eu atomic
planes but the interlayer spin directions differ in a fixed
angle. Note that the '>'Eu Mossbauer study below indicates
that the spin direction tilts about 20° from the ¢ axis, which
gives rise to the observed macroscopic ferromagnetism. Ex-
ternal field suppresses the Ty rapidly but increases the T¢
gradually. The stabilization of FM state by the external field
was explained in our previous paper.?®

The dominant ferromagnetism in EuFe,P, is further dem-
onstrated by the field-dependent magnetization, shown in
Fig. 4. The magnetization increases steeply with initially in-
creasing H and tends to saturate for H=10* Oe. The satu-
rated magnetic moment is ~6.7 ug/f.u., close to the ex-
pected value of 7.0 upg/f.u. In addition, a small hysteresis
loop is presented on closer examination. All these features
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FIG. 4. (Color online) Field dependence of magnetization at 2 K
for EuFe,P,. The inset shows tiny magnetic hysteresis with the
coercive field of only 30 Oe.
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FIG. 5. (Color online) (a) ''Eu Mdssbauer spectra of EuFe,P,,
below (5 K), around (30.3 K), and above (32.7 K) the ferromagnetic
ordering temperature of the Eu sublattice. The observed impurity
site is probably due to minor Eu,O5 on the surface of the grains.
The hyperfine field is basically along the ¢ axis. (b) '*'Eu Mass-
bauer spectra of EuFe,As,, below (5 K) and above (30.0 K) the
antiferromagnetic ordering temperature of the Eu sublattice. The
hyperfine field (26.2 T) is perpendicular to the ¢ axis.

are consistent with basically ferromagnetic alignment of
Eu’* moments.

C. Mossbauer spectra

Méossbauer spectroscopy studies of '*'Eu and >’Fe in the
system EuFe,P, at temperatures 5-297 K have been per-
formed. A previous study of this compound has been re-
ported in Ref. 3.

STy spectra [Fig. 5(a)] display pure quadrupole interac-
tions down to the magnetic ordering temperature of the Eu
sublattice. The values of the measured IS are
—11.0(1) mm/s at 297 K, —11.4(1) mm/s at 40 K, and
—11.3(1) mm/s at 5 K, proving that the Eu ions are divalent
at all temperatures. The quadrupole interaction values
(iequO) are —2.32(2) mm/s at 297 K and -2.55(2) mm/s
at 40 K. At 5 K, the quadrupole shift is =2.95(2) mm/s and
the magnetic hyperfine field (H,) is 30.1(1) T. The quadru-
pole shift value at 5 K, when analyzed in the approximation
that the magnetic interactions are much larger than the quad-

PHYSICAL REVIEW B 82, 094426 (2010)

1.00

0.96

0.92
1.00

0.96

Relative Transmission

0.92 o
EuFeP, 5K

-1 0 1 2
Velocity (mm/s)

FIG. 6. (Color online) >’Fe Mdssbauer spectra of EuFe,P,, be-
low (5 K) and above (34 K) the ferromagnetic ordering temperature
of the Eu sublattice. The transferred magnetic hyperfine field at 5 K
is along the ¢ axis.

rupole interaction, indicates that H, points along the crys-
talline ¢ axis, the major axis of the axial electric field gradi-
ent producing the quadrupole interaction. However,
analyzing the spectrum with a full diagonalization of the
hyperfine spin Hamiltonian gives a better fit when the hyper-
fine field tilts away from the ¢ axis by 20(5)°. This is in
contrast to EuFe,As, [Fig. 5(b)], where the Eu moments or-
der antiferromagnetically (of A type) and the hyperfine field
is perpendicular to the ¢ axis. The same phenomenon is also
observed in Eu(Fe(¢Niy),As,,>” where the Eu moment is
ferromagnetically ordered.’® The observed H, ;s in EuFe,P; is
higher than that (H,;;=26.2 T) in EuFe,As,.

The >’Fe Mossbauer spectra display a pure quadrupole
splitting down to 7. The measured IS are 0.28 mm/s at
room temperature, 0.38 mm/s at 34 K, and 0.39 mm/s at 5 K.
The quadrupole interaction (iequO) values are 0.16(1)
mm/s at 297 K, 0.15(1) mm/s at 30 K, and below T, at 5 K,
0.17(1) mm/s. A small foreign phase (probably Fe,P) of less
than 5% is also present. In Fig. 6 one can observe the change
in the spectrum between 34 and 5 K. No Fe magnetic mo-
ment is evidenced. At 5 K the spectrum displays a small
magnetic hyperfine field [H,;=0.97(2) T], acting on the
iron nucleus. This small field is a transferred field from the
ferromagnetically ordered Eu sublattice, as previously
observed> It was also observed in ferromagnetic
Eu(Fe( ¢Nij ;),As,.2° This transferred field seems to point
along the ¢ axis, however analyzing the spectrum with a full
diagonalization of the hyperfine spin Hamiltonian produces a
better fit when the H, tilts from the ¢ axis by 15(5)°. Thus
our measurements show, that the transferred field on the iron
site, points in the same direction as that of the Eu magnetic
moment.

D. Transport properties
1. Resistivity and magnetoresistivity

For intermetallic compounds, dense polycrystalline
samples largely exhibit intrinsic transport properties as single
crystals do because of well electrical contact between crys-
talline grains. Thus our sample, which had metal luster by
polishing, may reflect the intrinsic transport properties. Fig-
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FIG. 7. (Color online) (a) Temperature dependence of resistivity
for EuFe,P,. The p(T) data of BaFe,P, are also plotted for com-
parison. The circle symbols denote the difference (by a subtraction),
which basically represents the resistivity contribution from mag-
netic scattering. (b) Anomalous temperature dependence of magne-
toresistance in EuFe,P;.

ure 7(a) displays the temperature dependence of resistivity
(p) for EuFe,P,. The room-temperature resistivity is
~0.15 m{) cm, which is nearly the same to that of polycrys-
talline sample of BaFe,P,,3! but about one order of magni-
tude smaller than the value of EuFe,As,.!? Unlike EuFe,As,
which shows two anomalies in p at 20 and 200 K, there is
only one resistivity anomaly in EuFe,P,, i.e., a kink at 29.2
K, corresponding to the aforementioned ferromagnetic tran-
sition in Eu sublattice. The residual resistivity ratio, defined
as P30 k/ P2 k> 18 ~40, much reduced in comparison with
that of BaFe,P,(~70).3! This result suggests additional mag-
netic scattering due to the Eu?>* moments in EuFe,P,. For
simplicity, we roughly assume that the resistivity contribu-
tion from electron-phonon scattering, denoted by p,_,,(7), is
the same for both materials. Then, the resistivity contribution
from magnetic scattering [p,,,,(7)] in EuFe,P, can be ob-
tained simply by a subtraction. As can be seen in Fig. 7(a),
the p,,,,,(T) data show a maximum at ~55 K, which is remi-
niscence of dense Kondo behavior in other systems such as
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FIG. 8. (Color online) (a) Isothermal magnetoresistance for
EuFe,P, at different temperatures. (b) Scaling behavior of the mag-
netoresistance in EuFe,P;.

CeTSb, (Ref. 32) and CeNiGe; material.>® It is noted that
upon applying a pressure up to 4 GPa, a broad resistivity
peak appears around 100 K without the subtraction of
pe_ph(T).34 This pressure-enhanced Kondo effect is very
common® because the 4f level tends to approach Fermi en-
ergy with increasing pressure.

Under an 8 T field, there is negligible effect on p(7T)
above 80 K. However, anomalous temperature-dependent
MR is observed below 80 K, as illustrated clearly in Fig.
7(b). Namely, a negative MR grows with decreasing tem-
perature below 80 K and reaches its minimum of —35% at
the FM ordering temperature. Then the negative MR de-
creases with further decreasing temperature and finally un-
dergoes sign reversal around 10 K, below which positive MR
increases with decreasing temperature and achieves 35% at 2
K. It is noted that the resistivity kink at 29.2 K under zero
field shifts to higher temperature (over 50 K) and becomes
very much broadened by the external 8 T field. All the above
MR behavior resembles those in CeNiGe;,> except that the
latter system has an AFM ground state.

The isothermal field dependence of MR for EuFe,P, [Fig.
8(a)] gives further support for the dense Kondo behavior. For
40 K=T=80 K, the negative MR increases monotonically
with increasing H and decreasing 7, in agreement with a
characteristic Kondo-type behavior. According to a theoreti-
cal result,*® the magnetoresistance, Ap/p, can be scaled with
H/(T+T*), where T* is a measure of the single impurity
Kondo energy scale. Figure 8(b) shows that the MR data
between 40 and 80 K basically fall on the same curve for
T*=-29 K. The negative sign of 7%, with the absolute value
close to the paramagnetic Curie temperature (6) derived
above, is consistent with the FM correlation in the system.
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FIG. 9. (Color online) Temperature dependence of thermoelec-
tric power for EuFe,P,. The inset shows the change in thermopower
below the Curie temperature under an 8 T field.

This scaling behavior provides compelling evidence for the
Kondo interaction in EuFe,P,.

2. Thermoelectric power

Figure 9 shows the temperature dependence of thermo-
electric power or Seebeck coefficient (S) in EuFe,P,. The
negative values of S in the whole temperature range indicate
that electron transport is dominant. This is in contrast with
the S(7T) behavior in EuFe,As,, which shows sign changes
from negative to positive then to negative again with increas-
ing temperature.'” Above 100 K, the thermopower is about
—10 wV/K, almost independent of temperature (note that
the small gradual change from 200 to 300 K may due to the
influence of trace amount of Fe,P). Below 90 K, |§ | starts to
decrease and it shows a linear behavior from 15 to 45 K.
According to Behnia et al.,’” the slope dS/dT correlates
closely with the electronic specific-heat coefficient y by a
dimensionless quantity,

_SNse 2)
Ty

where N, e is the so-called Faraday number. For strongly
correlated electron systems, the g value is close to unity.?’
Thus the electronic specific-heat coefficient in EuFe,P, can
be estimated to be ~220 mJ K~! mol~!, which is very close
to the C/T value at 2 K (see below). This remarkably large
value of 7y is consistent with the Kondo behavior shown
above.

Under a magnetic field of 8 T, the thermopower has a
subtle change. By a simple subtraction, one can see a two-
peak structure in the inset of Fig. 9. While the sharp peak at
low temperatures is related to the FM state, the broad peak
centered at 70 K should be associated with the dense Kondo
effect, which is supposed to be suppressed by the external
field. Further theoretical investigation is needed to clarify
this phenomenon.

E. Specific heat

Figure 10 shows the specific-heat measurement result for
EuFe,P,, especially in the lower temperature ranges. Under
zero field, a specific-heat anomaly appears below 29 K, cor-
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FIG. 10. (Color online) Temperature dependence of specific heat
of EuFe,P, under magnetic fields of 0, 0.2, 0.5, 1, 2, 4, and 8 T. The

upper inset compares the C(T) behavior with that of EuFe,As,. The
lower inset plots C/T vs T for EuFe,P,.

responding to the FM and HM transitions of Eu?* sublattice.
The HM transition at Ty,,=26 K is inferred by comparing
the C(T) behavior with that of EuFe,As,, as shown in the
upper inset of Fig. 10. While EuFe,As, shows a sharp peak
at 19 K, EuFe,P, exhibits a round broader peak at 27 K,
suggesting a superposition of two nearby transitions. The
successive transition is further demonstrated by the decrease
in Ty and an increase in 7 with the applied field of 0.2 T.
The released magnetic entropy up to the Curie temperature
was estimated (the phonon background is assumed to obey
Debye model) about 80% of R In 8 (where R represents gas
constant), implying the contribution from Kondo state at
high temperatures.

Owing to the FM/HM transitions, it is difficult to extract
the electronic specific-heat coefficient by a conventional
method. Thus we simply consider C/T, shown in the lower
inset of Fig. 10. Since the phonon and magnon contributions
are estimated to be negligibly small at 2 K (since 6,>2 K
and T->2 K), the real electronic specific-heat coefficient
would be not so much smaller than C/Tl|;, ¢
~250 mJ K~! mol~!. This result is consistent the above in-
direct estimation from the thermopower measurement.

Under magnetic fields, the specific-heat anomaly moves
to higher temperatures, and the peak becomes more and
more broadened with increasing fields. This result is consis-
tent with the above magnetization measurement, suggesting
dominant FM alignment and stronger FM correlations in
EuFe,P,, in comparison with the A-type antiferromagnet
EuFe,As,.!+18:19

F. Further discussion

Now let us discuss why the sister compounds EuFe,P,
and EuFe,As, behave so differently. First, according to the
argument by Si and Abrahams,*® the loss of Fe moments is
due to the relatively weak 3d electron correlation in iron
phosphides. So far, there is no report on the appearance of Fe
local moments in the iron phosphides with ThCr,Si,-type
structure. Second, the difference in the magnetic order of
Eu 4f moments has to be explained in terms of an indirect

094426-6



MAGNETIC ORDERING AND DENSE KONDO BEHAVIOR IN...

RKKY interactions because the Eu-interlayer spacing is
much larger than the expected spacing for a direct exchange.
The RKKY exchange coupling Jrggy > —“**5-%, where
a=2kgR, R denotes the distance between two magnetic mo-
ments and k; the Fermi wave vector. Upon changing 2k.R,
Jrkxy alters greatly, or even changes the sign. In going from
EuFe,As, to EuFe,P,, R decreases from 6.06 to 5.64 A.
Even if kp remains constant, the decrease in R may alter
Jrkky remarkably, which would result in a crossover from
AFM to FM ordering. Note that the FM order of Eu>* mo-
ments in EuFe,_,Ni As, system was explained as a result of
the decrease in a.’* In fact, the change in Jgkxy(R, k) can
be very minute, as manifested by the helimagnetism in
Eu(Fe( ¢oCoy 11)2As,.28 It is in principle possible that succes-
sive magnetic transitions may occur when decreasing tem-
perature.

The observed dense Kondo behavior in EuFe,P, could be
attributed to the proximity of the 4f level to Fermi energy.’
To our knowledge, dense Kondo behavior in Eu-containing
compounds is rarely discovered,?® primarily because Eu*
carries a large moment. Kondo effect involves the intrasite
coupling between local moment and conduction carriers
while the RKKY interaction is a long-range intersite mag-
netic exchange through conduction carriers. Therefore, the
interplay between Kondo and RKKY interactions is inevi-
table. In the ground state of EuFe,P,, according to the well-
known Doniach scenario,*’ the RKKY interaction prevails
against the Kondo effect in EuFe,P,. Since applying pressure
enhances the Kondo effect,* the isovalent chemical doping
in EuFe,P, should be promising to tune the ground state in
this intriguing system.

PHYSICAL REVIEW B 82, 094426 (2010)

IV. CONCLUDING REMARKS

In summary, we have performed a systematic research on
a ternary iron phosphide EuFe,P,. This compound shows
contrasting physical properties with its analog EuFe,As,, al-
though both materials contains Eu?* and without P-P cova-
lent bonding. The result indicates dominant FM ordering for
the Eu sublattice. However, the ground state has a possible
helimagnetic ordering with the moments basically parallel to
the ¢ axis. Future neutron diffractions are expected to resolve
this issue. On the other hand, the magnetotransport proper-
ties governed by the itinerant Fe 3d electrons show a dense
Kondo behavior. Future measurements using single crystal-
line samples may confirm this point, and more information
on the anisotropic property are also expected.

Moreover, alloys of EuFe,P, and EuFe,As, exhibits co-
existence of high-temperature superconductivity and local-
moment ferromagnetism.'? Therefore, EuFe,P, and its re-
lated materials deserve further exploration with regard to the
interplay of Kondo, RKKY, and Cooper-pairing interactions
among 4f and conduction electrons.
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