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We use neutron diffraction to study the structural and magnetic phase diagram of CeFeAs1�xPxO. We

find that replacing the larger arsenic with smaller phosphorus in CeFeAs1�xPxO simultaneously sup-

presses the AFM order and orthorhombic distortion near x ¼ 0:4, thus suggesting the presence of a

magnetic quantum critical point. Our detailed structural analysis reveals that the pnictogen height is an

important controlling parameter for their electronic and magnetic properties, and may play an important

role in electron pairing and superconductivity of these materials.
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The discovery of ubiquitous antiferromagnetic (AFM)
order in the parent compounds of iron arsenide supercon-
ductors [1–6] has renewed interest in understanding the
interplay between magnetism and high-transition tempera-
ture (high-Tc) superconductivity in these materials [7–10].
Although superconductivity in iron arsenides can be in-
duced either via charge carrier doping [1–3] or application
of pressure [11] to their semimetal parent compounds, the
resulting electronic phase diagrams are dramatically ma-
terials dependent, ranging from first-order-like AFM to
superconductivity phase transition for LaFeAsO1�xFx
[12], to the gradual suppression of the AFM order before
superconductivity for CeFeAsO1�xFx [13], and finally to
the coexisting AFM order with superconductivity in
SmFeAsO1�xFx [14]. Similar to the considerations made
for the copper oxides [15], these properties make it pos-
sible that superconductivity is being influenced by a mag-
netic quantum critical point (QCP) located in the not-yet-
accessed part of the overall phase diagram. To determine if
iron arsenides indeed have a magnetic QCP, it is important
to isoelectronically tune the crystal lattice structure without
the influence of charge carrier doping and superconductiv-
ity [16]. In this Letter, we use neutron scattering to show
that replacing the larger arsenic with smaller phosphorus in
CeFeAs1�xPxO simultaneously suppresses the AFM order
and orthorhombic distortion near x ¼ 0:4, providing evi-
dence for a magnetic QCP. Furthermore, we find that the
pnictogen height is an important controlling parameter for
their electronic and magnetic properties, and may play an
important role in electron pairing and superconductivity
[17,18].

In the undoped state, the parent compounds of iron arse-
nide superconductors such as LaFeAsO [4] and CeFeAsO
[13] have an orthorhombic lattice distortion and collinear
AFM structure as shown in Figs. 1(a) and 1(b). The dis-

appearance of the static AFM order in superconducting
samples [4] naturally raises the possibility of carrier-
doping-induced quantum phase transitions, where quantum
critical fluctuations at finite energies can influence trans-
port properties and drive electron pairing for superconduc-
tivity [19]. Although carrier doping [1–3] or application of
pressure [20] can reduce the AFM order and orthorhombic
lattice distortion, the resulting electronic phase diagrams
are dramatically materials dependent [12–14] with no
strong evidence for the existence of a magnetic QCP.
Applying a magnetic field to suppress the influence of
superconductivity is a common means to unmask any
potential quantum critical point [21], but this approach is
difficult to implement here because of the large super-
conducting critical field for the iron pnictides [22]. We
instead achieve the same purpose by isoelectronic phos-
phorus substitution for arsenic in CeFeAsO [16], recogniz-
ing that superconductivity appears neither in CeFeAsO, an
antiferromagnet with orthorhombic lattice distortion [13],
nor in CeFePO, a paramagnet with a tetragonal structure
[23]. Our systematic neutron scattering studies of the struc-
tural and magnetic phase transitions in CeFeAs1�xPxO
demonstrate that the pnictogen height [the average
Fe-As(P) distance] and orthorhombicity of the
CeFeAs(P)O unit cell critically control the iron AFM
ordered moment and Néel temperature [Figs. 1(c)–1(f)]
of the system. These results are dramatically different from
carrier-doping [1–3] and pressure-induced [11] AFM mo-
ment reduction, where the Fe-As distance and pnictogen
height do not decrease with increasing doping [13] or
pressure [20]. The experimental exposition of a magnetic
QCP from our measurements, as well as recent transport
studies on the same system [24], suggest the importance of
collective magnetic quantum fluctuations to the overall
phase diagram of the iron pnictides and, by extension, to
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both the electronic properties in the normal state and the
origin of superconductivity [18].

We prepared polycrystalline samples of CeFeAs1�xPxO
with x ¼ 0:05, 0.10, 0.20, 0.25, 0.30, 0.35, 0.37, 0.40, 0.43
using the method similar to CeFeAsO1�xFx [25]. The
resistivity and ac susceptibility measurements carried out
on these samples using a commercial physical property
measurement system confirmed the absence of supercon-
ductivity above T ¼ 1:8 K. In previous work, it was found
that CeFeAsO undergoes the tetragonal (space group
P4=nmm) to orthorhombic (space group Cmma) structural
transition below �158 K followed by a long-range com-
mensurate AFM order below�135 K [Figs. 1(a) and 1(b),
Ref. [13] ]. Similar to the electron doping of CeFeAsO via
fluorine substitution of oxygen, we find that phosphorus
replacement of arsenic on CeFeAsO also results in decreas-
ing the structural and magnetic phase transition tempera-
tures although here no charge carriers are doped into the
FeAs layer [Fig. 1(d)]. Within experimental accuracy, we

cannot separate the structural from the magnetic phase
transition for x � 0:05. In the limit of the low-temperature
tetragonal structure (ao=bo ! 1) near x � 0:4, the static
long-range ordered moment vanishes [Fig. 1(e)] and the
system becomes tetragonal paramagnetic like CeFePO
[23]. Figure 1(f) plots the phosphorus doping dependence
of the orthorhombicity (ao=bo) and Fe ordered moment at
low temperature. The smooth linear decrease of the or-
dered moment that tracks the distortion suggests the pres-
ence of a lattice-distortion-induced magnetic quantum
phase transition through phosphorus doping. Although
similar measurements have not been carried out on the
electron-doped material such as BaFe2�xCoxAs2, the tem-
perature dependence of the lattice distortion versus ordered
magnetic moment in SrFe2As2 showed identical linear
behavior [26], thus suggesting that a direct coupling be-
tween the structural distortion and magnetism is a general
phenomenon in iron arsenides.
To illustrate how the phase diagram in Fig. 1(f) is

established, we show in Fig. 1(c) the phosphorus doping
dependence of the nuclear ð1; 1; 1ÞO and magnetic
ð1; 0; 2ÞM Bragg peaks (orthorhombic indexing) obtained
using triple-axis spectrometers (TAS). The ð1; 0; 2ÞM
magnetic peak was chosen because its structure factor
has no contribution from the Ce moment. Similar to
CeFeAsO1�xFx [13], we find that phosphorus substitution
of arsenic only suppresses the Fe ordered moment and does
not change the commensurate magnetic ordering wave
vector [Fig. 1(c)]. The suppression of the ð1; 0; 2ÞM mag-
netic scattering relative to the nuclear ð1; 1; 1ÞO peak is
seen near x � 0:4, suggesting the presence of a magnetic
quantum phase transition. For comparison, electron doping
via fluorine substitution of oxygen suppresses the static
AFM ordered moments more efficiently, near x � 0:04 and
0.06 for LaFeAsO1�xFx [12] and CeFeAsO1�xFx [13],
respectively.
Figure 2 summarizes the Ce and Fe Néel temperatures of

CeFeAs1�xPxO obtained by measuring the temperature
dependence of the Ce magnetic peak ð0; 0; 1ÞM [13] and
Fe ð1; 0; 2ÞM magnetic scattering. Inspection of the inset of
Fig. 2(a) reveals that the Ce long-range ordered moment
decreases very rapidly with increasing phosphorus concen-
tration and becomes difficult to detect for x > 0:25. The Ce
ordering temperatures, however, are only weakly x depen-
dent [Fig. 2(a)]. To quantitatively compare the phosphorus
doping dependence of the Fe ordered moment and Néel
temperature, we normalized the ð1; 0; 2ÞM magnetic inten-
sity to the nuclear Bragg peak and plotted their doping and
temperature dependence in Figs. 2(b) and 2(c). The Fe
ordered moment and ordering temperature gradually de-
crease with increasing x, and fall below our detection limit
of �0:2�B=Fe for x > 0:35.
To see how phosphorus doping affects the tetragonal to

orthorhombic lattice distortion, we plot in Fig. 3 the tem-
perature dependence of the nuclear ð2; 2; 0ÞT (here the
subscript denotes tetragonal structure) peak following pre-
vious practice [13]. As the crystal structure changes from

FIG. 1 (color online). (a) The three dimensional crystal lattice
structure of CeFeAsO. (b) The magnetic unit cell of Fe in
CeFeAsO. The Fe moments lie in the a-b plane and form an
antiferromagnetic collinear structure similar to that of LaFeAsO
[4], while nearest-neighbor spins along the c axis are parallel and
so there is no need to double the magnetic cell along the c axis
[13]. (c) Magnetic scattering at the Fe ð1; 0; 2ÞM peak, normal-
ized to the nuclear Bragg peak ð1; 1; 1ÞO. The vanishing magnetic
peak intensity is clearly seen near x� 0:4. (d) Experimentally
obtained structural and magnetic phase transitions temperatures
as a function of P substitution of As. The inset in (d) shows the
P dependence of the Ce AFM ordering temperatures. (e) The
ordered AFM moment of Fe is proportional to the orthorhom-
bicity (defined as ao=bo) of the system and becomes zero at
ao=bo � 1 (f) P-doping dependence of the orthorhombicity and
Fe ordered moments. The Fe ordering temperatures are noted in
the inset.
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high temperature tetragonal to the low-temperature ortho-
rhombic phase, the ð2; 2; 0ÞT peak will split into two peaks
[see Figs. 3(a)–3(d)] and a sudden reduction in the scatter-
ing intensity at the ð2; 2; 0ÞT peak position reveals the
transition temperature for the lattice distortion [Fig. 3(g)].
With increasing phosphorus concentration, the tetragonal
to orthorhombic lattice distortion transition temperature
decreases gradually. Although one can still observe a clear
kink in temperature dependence of the ð2; 2; 0ÞT peak
intensity near �80 K indicative of the tetragonal to ortho-
rhombic phase transition for x ¼ 0:3 (Fig. 3), we were
unable to identify the structural phase transition tempera-
tures (if any) for x > 0:3. The temperature dependence of
the ð2; 2; 0ÞT peak profile for x ¼ 0:35 in Fig. 3(e) confirms
the low-temperature phase to be orthorhombic while the
tetragonal phase is maintained at all temperatures for x ¼
0:40 as shown in Fig. 3(f).

For a complete determination of the phosphorus dop-
ing evolution of the low-temperature crystal structure

[Fig. 4(a)], we collected full diffraction patterns at low
temperatures (see [27] for detailed Rietveld analysis).
Figures 4(b)–4(e) summarize the P-doping dependence of
the crystal structure in CeFeAs1�xPxO. The undoped
CeFeAsO has an orthorhombic low-temperature structure
with co > ao > bo [Fig. 4(b)]. P doping reduces all three
lattice parameters with the system becoming tetragonal for
x > 0:37 [inset in Fig. 4(b)]. The decreased c-axis lattice
constant is achieved via a reduction of the As(P)-Fe-As(P)
block distance [through reducing the FeAs(P) height when
the larger arsenic is replaced by the smaller phosphorus],
while the CeAs(P) and CeO block distances remain essen-
tially unchanged with increasing P doping [Fig. 4(d)].
These trends are completely different from that of
electron-doped CeFeAsO1�xFx, where the c-axis lattice
constant contraction is achieved via a large reduction of
the Ce-As distance, while the Ce-O(F) and As-Fe-As block
distances actually increase with increasing F doping [13].
These fundamental differences reflect the fact that
F doping brings the Ce-O(F) charge-transfer layer closer

FIG. 2 (color online). (a) Temperature dependence of the Ce
ð0; 0; 1ÞM magnetic Bragg peak for various x. The inset shows the
ð0; 0; 1ÞM peak profile at 1.6 K as a function of x. (b) Doping
dependence of the Fe ð1; 0; 2ÞM magnetic Bragg peak normalized
to the nuclear ð1; 1; 1ÞO peak intensity. The AFM peaks appear at
the commensurate ordering wave vectors Q ¼ 1:851ð2Þ, 1.850
(2), 1.857(2), 1.851(2), 1.855(3), 1.854(4), 1:848ð4Þ �A�1 for x ¼
0:05, 0.10, 0.20, 0.25, 0.30, 0.35, 0.37, respectively. The corre-
sponding spin-spin correlation lengths are � ¼ 205ð24Þ, 179(17),
175(17), 157(23), 174(28), 140(33), 130(29) Å. The peak posi-
tions are essentially doping independent, while the spin-spin
correlation length decreases with increasing P concentration.
(c) Temperature dependence of the order parameter at the Fe
magnetic Bragg peak position ð1; 0; 2ÞM as a function of P
concentration. The Fe ordered moments were estimated from
comparing the magnetic scattering intensity with nuclear Bragg
intensity at 40 K for x � 0:3, at 20 K for x ¼ 0:35, and at 8 K for
x ¼ 0:37, 0.40, 0.43. The solid lines are mean field fits to the
data.

FIG. 3 (color online). (a)–(f) Temperature dependence of the
ð2; 2; 0ÞT (T denotes tetragonal) nuclear reflection at tempera-
tures above and below the structural phase transition for various
x. In most cases (x � 0:35), the low-temperature width is
broader than that at high temperatures. (g) Temperature depen-
dence of the ð2; 2; 0ÞT Bragg peak intensity for different samples,
which shows clear kinks indicating tetragonal to orthorhombic
phase transitions.
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to the superconducting As-Fe-As block and facilitates
electron transfer, while P doping is a pure geometrical
lattice effect without charge carrier transfer. Furthermore,
since the Fe-As distance (2.405 Å) is essentially doping
independent in CeFeAsO1�xFx [13] but decreases rapidly

with increasing P doping and saturates at �2:36 �A for
CeFeAs1�xPxO above x� 0:37 [Fig. 4(c)], the reduced
Fe-As(P) distance may induce strong hybridization be-
tween the Fe 3d and the As 4p orbitals and thus quench
the ordered Fe magnetic moment in CeFeAsO [28,29].

In summary, we have mapped out the structural and
magnetic phase transitions of CeFeAs1�xPxO. We showed
that superconductivity does not appear in the magnetic
phase diagram over the entire measured doping and tem-

perature ranges, thereby establishing that the phosphorous
substitution for arsenic in this system is an ideal tuning
parameter to explore the magnetic quantum phase transi-
tion of the iron pnictides.
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[23] E.M. Brüning et al., Phys. Rev. Lett. 101, 117206 (2008).
[24] Y. K. Luo et al., arXiv:0907.2961.
[25] G. F. Chen et al., Phys. Rev. Lett. 100, 247002 (2008).
[26] A. Jesche et al., Phys. Rev. B 78, 180504(R) (2008).
[27] See supplementary material at http://link.aps.org/

supplemental/10.1103/PhysRevLett.104.017204 for ex-

perimental details.
[28] T.M. McQueen et al., Phys. Rev. B 78, 024521 (2008).
[29] J. S. Wu, P. Phillips, and A.H. Castro Neto, Phys. Rev.

Lett. 101, 126401 (2008).

FIG. 4 (color online). (a) schematic diagrams defining the Fe-
As-Fe and CeO blocks and illustrating various bond distances
and bond angles. (b) a, b, c lattice constants of the orthorhombic
unit cell as a function of x. The inset shows that a=c ratio
saturates when the Fe moment vanishes. (c) Fe-Fe and Fe-As
distances as a function of P concentration. The Fe-As distance
falls on the critical value of 2.36 Åwhere the Fe ordered moment
is suppressed. (d) Ce-O=F and Ce-As distances are essentially P
concentration independent. The O-Ce-O block size is also
P-substitution independent. The effect of P substitution of As
is to reduce the Fe-As bond distance and As-Fe-As block size.
This is purely due to the size (lattice) differences between P and
As. (e) Fe-As-Fe bond angles as defined in (a) versus P doping.
The most dramatic effect of P doping is to increase the Fe-As-Fe
angle to 114.6� and decrease the corresponding As-Fe-As angle
to 107.3�. Thus, P doping makes the FeAs tetrahedra deviate
further from the ideal As-Fe-As angle of 109.5�.
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