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We have performed magnetization and 3'P-NMR measurements on the itinerant ferromagnet
LaCoPO (Curie temperature Tcurie ~ 44 K) with a layered structure in order to investigate
spin dynamics in the paramagnetic state. The linear scaling between the Knight shift K at
the P site and the bulk susceptibility x above Tcurie indicates that the P nucleus is suitable
for investigating magnetic properties. The temperature and magnetic field dependences of the
nuclear spin-lattice relaxation rate divided by the temperature 1/717T at the P site show char-
acteristic features of itinerant ferromagnets, such as ZrZns and Y(Coi—_5Al;)2. In addition,
the relationship between 1/717T and x above Tcurie suggests that ferromagnetic fluctuations
possess a two-dimensional (2D) characteristic. The present data show that LaCoPO is a unique
ferromagnet, where the 2D fluctuations anticipated from the crystal structure are predominant

down to almost Tcurie-
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Since the discovery of superconductivity in
LaFeAs(Oq_,F,) with the “1111” structure [tetragonal
ZrCuSiAs structure (P4nmm)],! much attention has
been paid to the electronic state in the two-dimensional
(2D) FeAs layer where superconductivity occurs. In
the FeAs compounds with the “1111” structure, the
presence of cylindrical Fermi surfaces with hole and
electron characteristics was inferred from the band cal-
culations?3 and has been confirmed by angle-resolved
photoemission spectroscopy (ARPES) measurements
in NdFeAs(O;_,F,).* The antiferromagnetic (AFM)
order at Ty ~ 140 K in LaFeAsO is considered to
be induced by nesting between the hole and electron
Fermi surfaces,” which is believed to be related to
high-Tsc superconductivity in 2D FeAs compounds.5”
Magnetism in the “1111” structure other than that in
the FeAs compounds is also important for exploring a
possible candidate for a new superconductor.

In this paper, we report magnetic properties in La-
CoPO with the “1111” structure. LaCoPO shows a fer-
romagnetic (FM) transition at 44 K with a small spon-
taneous magnetic moment ps = 0.33 pup/ Co.® The re-
sistivity shows a metallic behavior from room temper-
ature down to 2 K and the effective magnetic moment
estimated from the Curie-Weiss behavior of the suscep-
tibility x just above Tcyrie 18 approximately 2.9 pp, and
thus, LaCoPO is regarded as a weak itinerant ferromag-
net. Since related compounds LaFePO and LaNiPO with
even numbers of 3d electrons [Fe(3d®) and Ni(3d®)] show
superconductivity? ' and LaMnPO with Mn(3d®) is an
antiferromagnet,'? “1111” compounds with odd-number
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3d electrons may exhibit a magnetic ground state. Mea-
surements of the bulk susceptibility and 3'P-NMR (I =
1/2) have been performed on LaCoPO in order to in-
vestigate magnetic properties and spin dynamics in the
paramagnetic (PM) state. The linear scale between the
bulk susceptibility and the Knight shift (K) at the P
site indicates that K is determined by Co-3d spins, and
that a 3'P nucleus is suitable for probing Co spin dynam-
ics. By the analyses of the nuclear spin-lattice relaxation
rate 1/T7 and x above Tcourie, we obtained the relation
1/ T x3/2 in the PM state, suggestive of the predom-
inance of the 2D FM fluctuations in LaCoPO.

The polycrystalline powder LaCoPO was employed in
our measurements. Detailed preparation and characteri-
zation are described in ref.® The magnetization was mea-
sured with a commercial superconducting quantum inter-
ference device magnetometer (Quantum Design, MPMS-
XL). Figure 1 shows the temperature dependence of
the spontaneous magnetization Mg(T) and 1/x(T) de-
termined through the Arrott plots shown in the inset,
where the square of the isothermal magnetization M?
is plotted against the inverse of the magnetic suscepti-
bility (H/M). A deviation from a linear relation is ob-
served at small H/M below 50 K. This convex behav-
ior was also reported in LaCoAsQO,'® which is consid-
ered to originate from the sum rule of the zero-point and
thermal spin fluctuations'* and/or the two-dimensional
characteristic of the spin fluctuations. The Curie temper-
ature Tcurie and spontaneous magnetization Mg shown
in Fig. 1 were determined by the extrapolation of the
linear relation and evaluated to be Tcurie = 44+ 1 K and
Mg = 0.33+£0.025/Co at 2 K, respectively. These values
are in good agreement with those in our previous report.®


http://arxiv.org/abs/0909.5641v1

2 J. Phys. Soc. Jpn.

L LaCoPO
03l \ |2
® = Bk 3
\ ® < 4%( E
% 45K >
i) o % 5 50K 2
Q | o7 s K
~n 02 o 2~ K
3 \. ° el Z
o -— 10 15 |1 =
X ° HMT Co/uy)  oof =
2
01 o7
®
[ ) oo
0@
@60@3@
0.0 M ! 0
0 100 200 300
7 (K)

Fig. 1. Temperature dependence of spontaneous magnetization
Ms(T) (pp/Co) and reciprocal magnetic susceptibility 1/x
(mol/emu) in LaCoPO. Mg(T) was determined with the Arrott
plot shown in the inset, and the 1/x in the paramagnetic state
was determined from limg_,o H/M. The solid curve in Mg(T)
is a guide for the eye, and the broken lines in 1/x are the Curie-
Weiss fits for the evaluation of P.g (see text).The inset shows
the plot of M? versus H/M (Arrott plot) at various tempera-
tures. The dotted lines in the inset represent linear relations for
evaluating Tcoyurie and Mg (T).

1/x(T) above Tcurie is derived from limg_,o H/M. The
effective Curie moments P.g are 1.57 +0.02 up, as ob-
tained by the fitting of 1/x(T") in the temperature range
between 80 and 150 K, and 1.30 £ 0.01 up between 150
and 300 K. The obtained P.g is smaller than that previ-
ously reported of LaCoPO (2.9 up), but it is very similar
to that of LaCoAsO (1.3 ~ 1.4pp), smaller than the the-
oretically expected value of 3.87 up for S = 3/2. At
present, the cause of the large value of P.g reported pre-
viously is unclear, but it seems to be a spurious impurity
phase.

3IP_NMR (I=1/2) measurements were performed at
4.8, 14.5, and 28.5 MHz, in which 3'P-NMR spectra were
observed at around 0.28, 0.84 and 1.70 T, respectively.
Figure 2 shows the P-NMR spectra at 14.5 MHz obtained
by sweeping magnetic fields at various temperatures. To
observe their variations carefully, the inset (a) shows the
extended 3'P-NMR spectra at high temperatures. The
P-NMR spectrum at T" = 160 K shows a typical powder
pattern spectrum with the axial Knight shift component.
The Knight shifts perpendicular K| and parallel K to
the axis of the axial symmetry, which is the c-axis in
LaCoPO, are determined from the resonance spectrum,
as shown by the solid and dotted arrows, respectively.
K shifts markedly with decreasing temperature, and the
spectra become anomalously broader toward Tcyrie. At
5 K well below Tcurie, a zero-field NMR signal was ob-
served at around 11 MHz, as shown in the inset (b),
where the resonance magnetic field purely arises from
the FM Co moments. From this resonance frequency, the
magnitude of the ordered moments at the Co sites can be
roughly estimated using the hyperfine coupling constant
between 3!'P nuclear and Co electronic spins.

Figure 3 shows the temperature dependences of 3' K,
and 3! K, which increase as Tcurie is approached. These
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Fig. 2. Field-swept 31P-NMR spectra obtained at 14.5 MHz in
a series of various temperatures above Tcyrie- The small peaks
marked by asterisks are assigned to an impurity phase since the
peaks are temperature-independent. K = 0 is determined with
respect to the 31P resonance line in H3POy4. The inset (a) shows
the close view of the NMR spectra at high temperatures. The
inset (b) shows the zero-field 31 P-NMR, spectrum observed at 5
K far below Tcurie-
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Fig. 3. Temperature dependences of the Knight shifts parallel to
the c-axis K. and perpendicular to the c-axis K,;. The inset
shows the plots of K. and K} against the bulk susceptibility x
measured at 0.8 T.

temperature dependences are plotted against the bulk
susceptibility measured at 0.8 T, as shown in the in-
set. From the linear relation, the hyperfine coupling con-
stants at the P site (*'A) are evaluated as 3'4. =
1.55 £ 0.02 T/up and 3'A,, = 0.55 + 0.02 T/up. Us-
ing these values, 3'4;, = m = 0.88 T/up and

31 Apniso = Ao A“b = 0.33 T/MB are obtained, resulting
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in the ratio 3! A,nis0 /2! Aiso = 0.37. The anisotropic term
mainly originates from the 2p-orbital effect at the 3'P
site, suggestive of the presence of the coupling between
Co atoms by way of the P-2p orbitals. Since Aaniso/Aiso
has been reported to be ~ 0 in the superconducting
(Lag.g7Cag.13)FePO,'® and to be ~ 0.1 in the stripe-type
antiferromagnets BaFesAsy'® and SrFesAss,!” the cou-
pling through p orbitals at a ligand pnictogen site in
LaCoPO is stronger than that in the above-mentioned
compounds, and would be important for the ferromag-
netic properties. By considering the values of A., the
magnitude of the ordered moments at 5 K is evaluated
to be ~ 0.41 pp from the relation Hi,z = A.Mg, where
H;,t is the internal field at the P site at 5 K shown in the
inset (B) of Fig. 2. The magnitude of Mg is consistent
with the magnetization result.

LaCoPO *'P-NMR
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Fig. 4. Temperature dependence of 1/T7T measured at the in-
tense peak of the P-NMR spectrum at various fields. The 1/71T
measured at the c-axis resonance field is also shown. The inset
shows the field dependence of 1/T1T at 70, 90, and 140 K. The
values of 1/T1T extrapolated to H — 0 are plotted using gray
circles in the main figure.

Figure 4 shows the temperature dependence of the
1/T7T measured at the intense peak in the NMR spec-
trum obtained at 4.8 MHz (~ 0.28 T), 14.5 MHz (~0.84
T), and 29.3 MHz (~ 1.7 T), which is 1/71T along the a-
or b-axis. The 1/T1 T of 4.8 MHz increases on cooling and
diverges at around Tyurie. The divergence changes a max-
imum in ~ 0.84 T, and the maximum of 1/77T is sup-
pressed and the temperature of the maximum increases
with increasing field, as observed in Fig. 4. This field-
dependent behavior of 1/T1T observed in itinerant ferro-
magnets, such as ZrZn,'® Y(Coj_,Al, )2, and SczIn?®
contrasts that observed in itinerant antiferromagnets,
such as LaFeAsO,?! in which the divergent behavior of
1/T7T at a Neel temperature is robust against applied
fields. The 1/77 measured at the c-axis resonance field
(1/T1T). is plotted using closed squares in Fig. 4. It was
found that (1/T4T)e/(1/ThT)ap is 1.3 £ 0.05, indicating

FuLL PAPER

Author Name 3

that the anisotropy of 1/T} is small and that the relax-
ation rate is determined by the P-2s orbitals. Since the
FM critical fluctuations are easily suppressed by mag-
netic fields, 1/T1T above Tcurie Was plotted against H
and extrapolated to H — 0 in order to determine the
zero-field 1/T1T related to the intrinsic FM critical fluc-
tuations, as shown in the inset. The 1/71T extrapolated
to H — 0 is denoted by gray circles in Fig. 4.
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Fig. 5. Plots of 1/(TyTx?/?) and 1/(T1Tx) against temperature.
Here, the 1/T1T extrapolated to H — 0 is adopted below 150 K,
and 1/T1 T at 14.5 MHz is above 150 K. 1/(TyTx3/?) [1/(TyTx))]
is expected to be constant when ferromagnetic fluctuations pos-
sess a 2D [3D] characteristics.

Physical properties of the itinerant magnetism have
been discussed on the basis of spin-fluctuation theo-
ries.??:23 These theories suggest that itinerant ferromag-
nets show 1/T77T o x™ near the FM instability with
n =11in 3D and n = 3/2 in 2D. Figure 5 shows the tem-
perature dependences of 1/(T1Tx>/?) and 1/T,Tx above
Tcurie, where the 1/T1T extrapolated to H — 0 is used
below 150 K and 1/77T at 14.5 MHz is adopted since
the field dependence of 1/T1T is negligibly small at high
temperatures. As shown in Fig. 5, the 1/T7T x3/? scal-
ing holds in the wide temperature region above 100 K,
indicating that the FM fluctuations in LaCoPO possess
a 2D characteristic. The gradual decrease in 1/(ThTx>/?)
below 100 K might be ascribed to the crudeness of the es-
timation of 1/77T in H — 0 and/or interlayer couplings
inducing 3D magnetic ordering.

Hatatani and Moriya extended the self-consistent
renormalization (SCR) theory of spin fluctuations to 2D
ferromagnets?? and discussed the effect of spin fluctua-
tions on various physical quantities. Here, we compare
the experimental results of x and 1/T1T with their cal-
culations and evaluate spin fluctuation parameters. In
the SCR expression, the dynamical spin susceptibility
X(¢,w) is described in terms of two parameters, Ty and
T4, which characterize the width of the spin excitation
spectrum in frequency w and ¢ spaces, respectively. For
FM correlations as in LaCoPO, x(¢,w) is expressed as

m 1o T
Ty |27 Ty 2(y + 2?) —iw

x(gq,w) =

)
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Fig. 6. 1/T1 extrapolated to H — 0 and 1/x. Solid lines are
calculations based on the 2D ACRE theory. For the fitting, ex-
perimental results of Ajs, = 1.9T/gup and Mg = 0.4up are
adopted for Ays and p, and Ty = 1500 K and Ty = 12500 K are
evaluated.

where x = ¢/qp with ¢p being an effective zone
boundary vector, and the reduced inverse susceptibil-
ity y = 1/(2T4x(0,0)). The relation between the mea-
sured susceptibility x (emu/mol) and x(0,0) is x =
(guB)?x(0,0)N4. 1/T1T is related to the imaginary part
of the dynamical susceptibility as

L o 2 X" (¢, w)
™= T lim q [Al)) =

)

where 7, and A(q) are the nuclear gyromagnetic ratio
and the g-dependent hyperfine coupling constant, respec-
tively. Assuming A(q) is g-independent Ay, 1/T} is cal-
culated following the 2D formalism as

1 2 AT
Ty AT Toy3/?

In the framework of the 2D-SCR theory, y is approx-
imately expressed as y = (T/6Tp)?/3 exp [~p*Ta/10T]
for the ferromagnet ground state, where p is the FM mo-
ment in pp units.?* Taking the isotropic component of
hyperfine coupling constant A;s, = 1.9T/gup as Anr and
p = 0.4up, we calculate the temperature dependences of
1/x and 1/T4, as shown in Fig. 6. The experimental tem-
perature dependences are consistently reproduced using
To = 1500 K and T4 = 12500 K. These values are com-
parable to those in Y(Cog g7Alg.13)'? and approximately
two times larger than those in LaCoAsO.'3 However the
difference between parameters in LaCoPO and those in
LaCoAsO may reflect a different model; the 3D-SCR
model was used for the analyses of y in LaCoAsQO. Note
that the 1/x values of LaCoPO and LaCoAsO show a
downward behavior below 100 K. Since the temperature
dependence of 1/ in the entire temperature range is not
fitted by the 3D SCR but is reasonably fitted by the 2D
SCR theory, the temperature dependence suggests the
predominance of the 2D ferromagnetic fluctuations, as
indicated by the relation 1/T3T o x*/2. However, since
pure 2D ferromagnets do not have a finite critical tem-
perature, interlayer coupling would work in the narrow
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temperature region near Tcurie, as pointed out by Ohta
and Yoshimura.'® Neutron scattering experiments are re-
quired to obtain the spin fluctuation spectra along vari-
ous ¢ vectors and for comparison with our NMR results.

In conclusion, the FM critical fluctuations, which
highly depend on applied magnetic fields, are observed
in LaCoPO. The relation 1/T,T  x*/? in the zero-field
limit suggests that the FM correlations possess a 2D
characteristics. The temperature dependences of x and
1/T1T above Teurie are consistently interpreted in terms
of the 2D SCR theory and the spin fluctuation param-
eters are derived. The present data show that LaCoPO
is a unique itinerant ferromagnet, in which the 2D FM
fluctuations anticipated from the crystal structure are
dominant in a wide temperature region above Tcyyie-
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