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We report the magnetic ordering and structural distortion in PrFeAsO crystals, the basis compound for one of
the oxypnictide superconductors, using high-resolution x-ray diffraction, neutron diffraction, and x-ray resonant
magnetic scattering (XRMS). We found the structural tetragonal-to-orthorhombic phase transition at Ts =
147 K, the AFM phase transition of the Fe moments at Tx. = 72 K, and the Pr AFM phase transition at Tp, =
21 K. Combined high-resolution neutron diffraction and XRMS show unambiguously that the Pr moments point
parallel to the longer orthorhombic a axis and order antiferromagnetically along the a axis but ferromagnetically
along the b and c¢ directions in the stripe-like AFM order. The temperature dependent magnetic order parameter
of the Pr moments shows no evidence for a reorientation of moments.

I. INTRODUCTION

Magnetism is generally considered detrimental to super-
conductivity because the magnetic fields produced by spins
can break the Bosonic bond (the so-called Cooper pair) or po-
larize electrons’ spin, which disturbs pairing between elec-
trons. On the contrary, in the Fe-based (pnictide) supercon-
ductors, it is argued that the Cooper pairing mechanism is me-
diated by the antiferromagnetic (AFM) spin fluctuations orig-
inated from the Fe magnetism while the AFM competes with
SC for the same electrons in the system.! Subtle balance in
the correlation is a key for the unconventional superconduc-
tivity in pnictide superconductors.

Among the various families of the pnictide superconduc-
tors, the oxypnictide compounds (e.g. REFeAsO with RE =
Rare-Earth) are in a unique position due to the rare-earth mag-
netism. The first discovered oxypnictide superconductor is
composed of the non-magnetic La element (LaFeAsO;_,F,)
which shows a relatively high superconducting transition tem-
perature (T..) at ~ 26 K.2 As several magnetic rare-earth ele-
ments can form the oxypnictide compounds, 7T, is raised to
~ 41 K for Cel ~ 44 K for Pr ~ 49 K for Nd® and ~
55 K for Sm? in REFeAsO;_,F,. Such increases in T, may
be related with geometric factors due to the Lanthanide con-
traction.21%11 Another possibility is the rare-earth magnetism
which influences the AFM spin fluctuations of Fe through an
interplay between the rare-earth and the Fe magnetism!#12-23
and results in the enhancement of 7.

Reviews on the variation in the geometric factors show
a correlation between 7. and the As-Fe-As bond angle;
T. seems to be the highest within each family of com-
pounds when the bond angle is set close to the ideal angle,
109.5° 219U Intriguingly, among various materials which are
found to have the bond angle very close to the ideal angle,
the higher superconducting transition temperatures occur in
the rare-earth oxypnictide compounds. This implies the po-
tential importance of the rare-earth magnetism in the uncon-
ventional superconductivity in the family of REFeAsO com-

pounds. Therefore, it is essential to know the precise magnetic
structures of the rare-earth oxypnictides.

Here, we report the magnetic ordering and structural distor-
tion in one of the parent compounds of the oxypnictide super-
conductors, PrFeAsO. Earlier studies on PrFeAsO showed a
structural transition from the tetragonal P4/mmm to the or-
thorhombic Cmme below Ty ~ 150 KA3-13 The stripe an-
tiferromagnetic ordering of Fe at Ty, < Tg followed by
the Pr magnetic ordering below Tp, ~ 15 K were also re-
ported 1313 Neutron powder diffraction (NPD) measurements
reported that the Pr moment points along the ¢ axis with ferro-
magnetically coupled moments in the ac plane which are anti-
ferromagnetically aligned along the b direction!3# but a uSR
study claimed a similar magnetic arrangement along each
crystallographic axis except the Pr moments pointing along
the a axis.!2 Our study using high-resolution x-ray diffrac-
tion, neutron diffraction, and x-ray resonant magnetic scatter-
ing (XRMS) reveals that the structural transition, the Fe AFM
order, and the Pr AFM order are consistent with the previous
reports. However, combined high-resolution neutron diffrac-
tion and XRMS show unambiguously that the Pr moments are
pointing parallel to the longer orthorhombic a axis and order
antiferromagnetically along the a axis but ferromagnetically
along the b and ¢ directions. The temperature dependent mag-
netic order parameter of the Pr moments shows no evidence of
a moment reorientation which was observed in the SmFeAsO
and NdFeAsO compounds.?22*

II. EXPERIMENT

Single crystals of PrFeAsO were grown out of a NaAs flux
using the conventional high temperature solution growth tech-
nique as described in Ref. 23. The stoichiometry of samples
from a growth batch was examined by wavelength dispersive
spectroscopy in a JEOL JXA-8200 Superprobe electron probe
microanalyzer. Temperature-dependent, high-resolution x-
ray diffraction measurements were performed on a four-circle
diffractometer using Cu K« radiation from a rotating-anode



x-ray source, selected by a germanium (1, 1, 1) monochroma-
tor. An as-grown plate-like single crystal with dimensions of
approximately 2 x 2 x 0.08 mm?® of mass m = 4.6 mg was
attached to a flat copper sample holder on the cold finger of
a closed-cycle helium refrigerator. The sample was aligned
such that the low-temperature orthorhombic (1, 0, L) recip-
rocal lattice planes were coincident with the scattering plane.
In this paper, we will generally use the orthorhombic notation
(H, 0, L) and, where necessary, employ the tetragonal nota-
tion (h, h, I)1 with a subscript “T”. The diffraction data were
obtained as a function of temperature between 160 K and 5 K,
the base temperature of the refrigerator.

Single-crystal neutron diffraction measurements were car-
ried out using the BT72¢ and BT9 thermal-neutron triple-axis
spectrometer at NCNR, NIST. The same m = 4.6 mg single
crystal was mounted on a thin aluminum plate, oriented in
the orthorhombic (H, 0, L) plane, and placed in a liquid he-
lium dilution refrigerator. The beam collimators before the
monochromator, between the monochromator and sample, be-
tween the sample and analyzer, and between the analyzer and
detector were 40’— 48— 40’ open, respectively. A fixed in-
cident neutron energy of 14.7 meV (A = 2.359 A) was used,
and two pyrolytic graphite (PG) filters were employed to ef-
fectively eliminate higher harmonics in the incident beam. For
high-resolution measurements, a collimation of 10— 10— 10’
40" was used. All measurements were performed between
130 K and 2 K, the base temperature of the refrigerator.

The XRMS experiment was conducted on the beam line
6-ID-B at the Advanced Photon Source at Argonne National
Laboratory at the Pr Loy edge (E = 6.44 keV). The incident
radiation was linearly polarized perpendicular to the vertical
scattering plane (o polarized) with a spatial cross section of
0.5 mm (horizontal) x 0.2 mm (vertical) defined by a set of
slits before the sample. In this configuration, dipole resonant
magnetic scattering rotates the scattered beam polarization
into the scattering plane (7 polarization). Cu(2, 2, 0) was used
as a polarization and energy analyzer to suppress the charge
and fluorescence background relative to the magnetic scatter-
ing signal. The same sample (2 x 2 x 0.08 mm?, m = 4.6 mg)
was initially mounted at the end of the cold finger of a closed
cycle Joule-Thomson cryostat (3 K < 7" < 18 K) with the or-
thorhombic (H, 0, L) or (0, K, L) planes coincident with the
scattering plane and the [0, 0, L] direction as specular direc-
tion.

III. RESULTS

In Fig. [l (a), we display representative [H, 0, 0] scans
through the (2, 0, 7) charge Bragg peak position between
150 K and 5 K, obtained using the laboratory x-ray source, for
PrFeAsO compound. Above the structural transition tempera-
ture Ts = 147 + 1 K, we observe a sharp, single peak which is
consistent with the tetragonal phase. Upon cooling below Tg,
the (2, 0, 7) charge Bragg peak continuously broadens and,
then clearly splits into two peaks below 7' = 144 K, which are
consistent with the orthorhombic phase. The splitting of the
two orthorhombic charge Bragg peaks evolves rapidly with

2500

2000

1000 |

Intensity (counts/sec)

1.99 2.01 2.02

Hin (H,0,7)

go.oos_ -

20.002 -

S I ® cooling

L0001 © warming -
0.000 L

0 20 40 60 80 100 120 140 160
Temperature (K)

FIG. 1. (a) High-resolution x-ray diffraction scans along the [H, 0, 0]
direction through (2, 0, 7) charge Bragg peak for selected tem-
peratures. The lines present the fitted curves using Lorentzian-
squared line shapes. (b) Orthorhombic distortion, determined from
fits to the (2, 0, 7) and (0, 2, 7)" charge Bragg peaks, as a func-
tion of temperature upon cooling and warming. The blue bar in-
dicates the tetragonal-to-orthorhombic structural transition temper-
ature (Is). Error bars are smaller than symbols and represent one
standard deviation.

further cooling down to 7" =~ 130 K. Then, the two peaks split
apart gradually as temperature decreases. We fit the (2, 0, 7)
and (0, 2, 7) Bragg peaks using the Lorentzian-squared line
shape and summarize the result using the orthorhombic distor-
tion ¢ = (a-b)/(a+b) in Fig.[[l(b). The orthorhombic distortion
during cooling and warming does not show any hysteresis. We
find a continuous transformation within the sensitivity of our
measurements, which evidences the second order nature of the
structural phase transition.

We now turn to the magnetic ordering of the PrFe AsO com-
pound. Figure [2| (a) shows the temperature evolution of the
(1, 0, 1) magnetic neutron diffraction peak at selected tem-
peratures, and the magnetic order parameter measured at the
same Bragg peak is shown as a function of temperature in
Fig. 2 (b). We find that the (1, 0, 1) magnetic Bragg peak
appears below Ty, ~ 72 K and grows rapidly as tempera-
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FIG. 2. Neutron diffraction rocking scans through (a) the (1, 0, 1)
magnetic Bragg peak and (c) the (1, 0, 0) magnetic Bragg peak mea-
sured at selected temperatures. Temperature evolution of magnetic
Bragg peak intensity measured (b) at (1, 0, 1) magnetic Bragg peak
and (d) at (1, 0, 0) magnetic Bragg peak. Fe ordering temperature
(Tw.) and Pr ordering temperature (T, ) are marked with a green bar
and orange bars, respectively.

ture decreases down to ~ 60 K. Then the intensity increases
monotonously until it raises abruptly again below Tp, =~
21 K. This observation is consistent with the AFM propa-
gation vector Qre arm = (1, 0, 1) for the Fe order reported
in literature 131> We find another magnetic Bragg peak at Q
= (1,0, 0) below T ~ 21 K [Fig. 2 (c)]. Its temperature
dependence shows a typical behavior for an AFM order pa-
rameter [Fig. [2] (d)], and it is consistent with previously re-
ported Pr magnetic order with Qp, arm = (1, 0, 0). We con-
clude that the Fe order appears at Qpe arMm = (1, 0, 1) below
Tre = 72 £ 1 K followed by the Pr order at Qp; aArm =
(1,0, 0) below Tp, =21 + 1K.

The Fe order appears at a low temperature (I, = 72+1 K)
compared to the much higher structural transition tempera-
ture, Ts = 147 K. Such a large difference between Tx. (= Ti)
and Tg is unusual; the temperature difference is typically
within several degrees in most of the undoped, parent pnic-
tide compounds. A similar low 7§, was previously reported
by a NPD measurement'® while other studies showed higher
Tre which is closer to Tg* The discrepancy in Tx. may be
attributed to a sample-to-sample variation caused by different
sample preparation processes. The phase diagrams of fluorine
doped or oxygen deficient PrEeAsO compounds show that Tg
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FIG. 3. High-resolution neutron diffraction scans along [H, 0, 0]
through (a, b) the (2, 0, 6) nuclear Bragg peak measured with the
second-harmonic of the incident neutrons (%) and (c, d) the (1, 0, 3)
and (0, 1, 3)’ magnetic Bragg peaks measured with the primary neu-
trons (A). Open symbols are data measured at 7' = 155 K. Filled
circles are data taken at 7' =30 K in (a, b) and 7" = 2.5 K in (c, d).
The magnetic peaks are fitted with one or two Gaussian line shapes.
Resulting fits are shown with solid lines. Dashed lines present two-
Gaussian fits.

decreases slowly while the reduction in T, is rapid with in-
creasing the level of F doping or oxygen deficiency.2”2% Our
sample indeed shows a slightly lower 75 than previously re-
ported values for the undoped PrFeAsO. It implies a possi-
ble oxygen deficiency or unidentified dopant inclusion in our
sample. This can explain our observation of much reduced
Tre = 72 K. Nonetheless, Tp, = 21 £+ 1 K from our neutron
diffraction is consistent with previous reports 1314

To further elucidate the magnetic ordering in PrFeAsO, we
performed high-resolution neutron diffraction measurements
which enable us to correctly identify positions of nuclear (=
chemical structure) and magnetic Bragg peaks. We used the
primary neutrons (\) for magnetic Bragg peak and the second-
harmonic neutrons (%) by removing one PG filter for nuclear
Bragg peak measurements. Above Tg, a sharp, resolution-
limited, single (1, 1, 6)7 nuclear Bragg peak is observed at
T = 155 K [Figs. Bl (a) and (b)]. As temperature decreases
below T§, the tetragonal-to-orthorhombic distortion splits the
(1, 1, 6)T Bragg peak into two orthorhombic Bragg peaks,
(2, 0, 6) and (0, 2, 6)' related to the two domain orientations



with the longer orthorhombic a axis and shorter orthorhom-
bic b axis. Generally, neutron diffraction measurements do
not provide a sufficient spatial resolution to resolve the two
orthorhombic peaks in this compound due to the small dis-
tortion. However, our high-resolution neutron diffraction pro-
vides a spatial resolution that is sufficient to discern two peaks
from the measurements. At 7' = 30 K and 2.5 K in Figs.[3l(a)
and (b), we observed broad signals that are almost two times
broader than the resolution-limited (1, 1, 6)T Bragg peak at
T = 155 K. The signals cannot be described by any single
line-shape commonly used in diffraction experiments and ap-
parently are described well with two Gaussian lineshapes for
(2,0, 6) and (0, 2, 6)'. We note slightly different peak shapes
between the data at 7" = 30 K and 2.5 K. The difference is
because the (2, 0, 6) and (0, 2, 6)' nuclear Bragg peaks were
measured at the Q = (1, 0, 3) Bragg peak position with the
PG filters removed to use the second-harmonic neutrons (%)
where the (1, 0, 3) and/or (0, 1, 3)’ magnetic Bragg peak in-
tensities (described below) from the primary neutrons (\) con-
tribute to the intensities in the nuclear Bragg peak Q scans.

Figures 3| (¢) and (d) show the magnetic Bragg peaks at T’
=30 K and 2.5 K, respectively. At 30 K, the magnetic in-
tensity appears around the Q position corresponding to the
(2, 0, 6)5/2 nuclear Bragg peak; it is the (1, 0, 3) magnetic
Bragg peak [Fig. 3l (c)]. Interestingly, at 7' = 2.5 K a mag-
netic peak appears around the position corresponding to the
(0, 2, 6)") /2 nuclear Bragg peak, compare peak positions be-
tween Fig.[3](b) and (d). We also find that this peak is slightly
broader than the peak measured at 30 K and successfully fitted
with two Gaussian line-shapes, which indicate an existence of
another magnetic Bragg peak at the position corresponding to
the (2, 0, 6), /2 nuclear Bragg peak. In other words, the ob-
served magnetic signals at 7' = 2.5 K consist of (1, 0, 3) (with
the smaller intensity) and (0, 1, 3)" (with the larger intensity)
magnetic Bragg peaks. This is a new observation that has not
been observed in other neutron scattering experiments in this
family of compounds.

The sharp, resolution-limited (1, 0, 3) magnetic Bragg peak
at 30 K is consistent with the stripe AFM structure of the Fe
moments in PrFeAsO. The smaller (1, 0, 3) intensity at 2.5 K
can be seen as a reduction of the (1, 0, 3) magnetic peak at
30 K. It is possibly due to either a decrease of the Fe ordered
moment or a reorientation of Fe moments at lower temper-
ature. Reported NPD measurements indicate no change in
the ordered moment size of Fe at low temperature 1314 We at-
tempted searching for magnetic Bragg peak intensities in the
(H, 0, L) scattering plane that might be originated from the
reorientation of Fe moments at 7' = 2.5 K but did not find
any evidence of a reorientation of the Fe moments. Further
investigation is required to construct the Fe moment config-
uration at low temperature. The known Pr ordering vector,
Opr arm = (1, 0, 0), alone is sufficient to explain the appear-
ance of the (1, 0, 3) and (0, 1, 3)’ magnetic Bragg peaks at T’
= 2.5 K. However, since different Pr moment configurations
can produce magnetic intensities at (H, 0, L) and (0, K, L)
simultaneously, this set of measurements can not solve the ex-
act Pr magnetic structure. In addition, because neutrons probe
all moments, both Fe and Pr in the system, identifying a mag-
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FIG. 4. (a) Energy scans through the (1, 0, 5) magnetic peak (filled
circles) in the o — 7 scattering geometry at 7" = 3 K and the measured
fluorescence (open squares) under the same experimental conditions
without a polarization analyzer. (b) Distribution of structural Bragg
peaks at 7" = 3 K measured along [H, 0, O] after the alignment is
optimized for @ = (2, 0, 5) (filled squares) and (0, 2, 5)" Bragg peaks
(open squares). (c) Magnetic Bragg peaks at 7" = 3 K measured along
[H, 0, 0] at positions corresponding to the (2, 0, 5) and (0, 2, 5)’
Bragg peaks. A magnetic Bragg peak appears only at Q = (1, 0, 5)
(filled circles) but not at @ = (0, 1, 5)’ (open circles).

netic structure of Pr moments separately is extremely difficult
using a small number of neutron scattering data.

For a determination of the Pr magnetic structure, we em-
ployed the element-specific x-ray resonant magnetic scatter-
ing (XRMS) technique that can probe Pr magnetism sepa-
rately from Fe magnetism by tunning the incoming x-ray en-
ergy to the Pr Lo absorption edge. Figure [ (a) displays the
resonant behavior measured at 7' = 3 K and at the (1, 0, 5)
magnetic Bragg peak position together with the fluorescence
signal obtained under the same experimental conditions. In
the energy spectrum, we observed an enhanced intensity in
the o — 7 scattering channel which indicates the dipole (E£'1)
resonance. It may also contain a contribution from quadruple
(E2) allowed transitions. A clear separation of the F'1 and E2
contributions will require further measurements in the 0 — o
channel.

The charge (= nuclear) Bragg peaks were measured at T’
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FIG. 5. Azimuthal angle (0° < ¥ < 40°) dependence of the nor-
malized magnetic Bragg peak intensity measured at (a) Q = (1, 0, 5)
and (b) (0, 1, 5)" at T = 3K. Inset shows the schematic diagram of
our experimental setup for the azimuthal angle scans. Lines present
calculations using the Sine-squared function. (c) Temperature de-
pendent XRMS signals at @ = (1, 0, 5) (filled symbols) and (0, 1, 5)’
(open symbols) with ¥ = 20°. The lines present guides to the eye. (d)
Proposed magnetic structure at 7' = 3 K with Pr moments pointing
along the longer orthorhombic a axis.

=3 K for (2, 0, 5) and (0, 2, 5) in Fig. @ (b). Several angle
scans were performed to optimize the intensity of each charge
peak to estimate precise domain population of the orthorhom-
bic twin domains. The intensity ratio between the (2, 0, 5)
and (0, 2, 5)’ peaks is 1:0.84, indicating an approximately 1.2
times larger domain population related to the (2, 0, 5) Bragg
peak than for the (0, 2, 5)" Bragg peak. Then we searched
magnetic reflections around the (1, 0, 5) and (0, 1, 5)' Bragg
positions at 3 K and find magnetic intensities only at the
(1, 0, 5) Bragg peak position and not around the (0, 1, 5)
Bragg peak position, see Fig. Hl (¢). In the o — 7 scattering
channel, the magnetic scattering intensity is sensitive to mo-
ments lying in the scattering plane and produces zero intensity
for moments pointing out of the scattering plane. The absence
of magnetic reflection around the (0, 1, 5)" Bragg peak posi-
tion, thus, indicates that the Pr moment is aligned perpendic-
ular to @ = (0, 1, 5). Therefore, the Pr moments point along
the orthorhombic a axis.

We obtained the azimuthal angle dependence of the scat-
tered intensities at Q = (1, 0, 5) and (0, 1, 5)’ magnetic Bragg
peak positions to identify the precise Pr moment direction.

The azimuthal dependence was measured by rotating the sam-
ple about the scattering vector Q by an angle ¥ (consequently,
the scattering plane varies) as shown in the inset in Fig. 5l (a).
By the azimuthal rotation, moments are rotated with respect
to the fixed scattering plane which changes the amplitude of
the moment component projected in the scattering plane. We
show intensities of the (1, 0, 5) and (0, 1, 5)’ magnetic Bragg
peaks as a function of a limited range of azimuthal angles,
0° < ¥ < 40° in Fig.l5 (a) and (b). The solid black sym-
bols are the measured azimuthal dependence and the blue lines
are the sine-squared function for a collinear Pr moment ar-
rangement along the orthorhombic a axis. We find that the
azimuthal dependence of the (1, 0, 5) and (0, 1, 5)' magnetic
Bragg peaks is consistent with the Pr moment confined in the
ab plane and pointing along the longer orthorhombic a axis as
shown in Fig. [5l (d). Despite the small deviation of the mea-
sured azimuthal dependence from the calculation, the absence
of the magnetic Bragg intensity at (0, 1, 5)" at U = (0°clearly
indicates that the Pr moments are aligned along the longer
orthorhombic a axis. Our Pr magnetic structure is differ-
ent from previous magnetic structures proposed by NPD. The
neutron magnetic intensities were calculated for the (1, 0, 3)
and (0, 1, 3)’ magnetic peaks based on our Pr magnetic struc-
ture, which gives a ratio between (0, 1, 3)" and (1, 0, 3) to be
1(0,173)//1(170,3) =3.3. We get 1(0,173)//1(1,073) = 35(7) from
the observed intensities in Fig. 3l(d), which is consistent with
our Pr magnetic structure.

Temperature dependencies of the magnetic peaks were
measured with the azimuthal angle ¥ = 20°. ¥ = 20° al-
lows contributions from both (1, 0, 5) and (0, 1, 5)’ magnetic
Bragg peaks and the result is displayed in Fig. 13l (c). We find
that the magnetic order parameter at both Bragg peaks shows
a similar power law behavior, indicating no reorientation of Pr
moments in this temperature range. The observed Pr ordering
temperature is Tp, = 15 £ 1 K, which is slightly smaller than
Tp, measured by neutrons on the same sample. We believe
that this is due to the x-ray beam heating effect.

IV. CONCLUSION

In summary, we have studied the magnetic ordering and
structural distortion in PrFeAsO using x-ray and neutron scat-
tering measurements. Our high-resolution x-ray diffraction
measurements found a continuous, second order structural
transition from the high-temperature tetragonal to the low-
temperature orthorhombic structure at 7 = 147 £ 1 K. We
find that the Fe AFM order appears at Tpe = 72 = 1 K at
Ore,arm = (1,0, 1) followed by the Prorderat Tp, = 21+1K
at Op; arm = (1, 0, 0). Together with the high-resolution
neutron diffraction and the XRMS, we find that the Pr has a
collinear antiferromangetic structure with moments pointing
along the longer orthorhombic @ axis. Our temperature de-
pendent measurements on magnetic Bragg peaks from the Pr
order show that the Pr magnetic structure remains the same in
all the temperature range below Tp,.

Now we comment on the connection between the rare-
earth magnetism and the superconductivity in the family of



REFeAsO with RE = Ce, Pr, Nd, and Sm. In the case of
the lighter rare-earth elements (Ce and Pr), their moments
order in-plane; Ce in the CeFeAsO compound orders in a
non-collinear AFM structure with moments lying in the ab
plane!213 and Pr moments in PrFeAsO, pointing along the a
direction, and form a collinear AFM structure. Similar in-
plane moment arrangements of the rare-earth moment and the
Fe moment may indicate a strong influence of the Fe mo-
ment on the rare-earth (Ce and Pr) moment. On the other
hand, in heavier rare-earth elements (Nd and Sm), the mo-
ments of Nd and Sm order collinearly with their moments
aligned in the ¢ direction at low temperature. The interac-
tion between the rare-earth and Fe moments yields not only a
reorientation of the rare-earth moments but also of the Fe mo-
ments.2224 Interestingly, the superconducting transition tem-
peratures are higher in the heavier rare-earth compounds. This
implies that the rare-earth magnetism with their moment along
the ¢ direction and/or its strong influence on the Fe moment
may be important for higher 7t in REFeAsO. Higher Tt in
Gd;_,Th,FeAsO with the Gd moments along the ¢ direc-

tionZ is consistent with this scenario.
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