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We have studied EuPtP, which undergoes two successive valence transitions at 7, ~ 240 K and 7y ~ 200 K by
3P-nuclear magnetic resonance (NMR) measurements. From the analysis of NMR spectra, we obtained plausible
ordered structures and Eu valence states in three phases divided by T and Ty. These ordered structures well
explain observed inequivalent P sites and the intensity ratio of the NMR spectra arising from these P sites. The
results are also in good accordance with mean Eu valence measured by the x-ray absorption spectroscopy. We
also discuss Eu 4 f states and the origin of the transitions from the measurements of nuclear spin lattice relaxation

rate and hyperfine coupling constant.
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I. INTRODUCTION

The interplay between the valence of lanthanide ions and
a great variety of features observed in lanthanide compounds
is one of central issues in the study of f electron systems.
Many lanthanide-based heavy fermion systems show an
intermediate valence state: the valence of the lanthanides
deviates from an integer due to the underlying hybridization
between conduction and f electrons (c-f hybridization).
Normally, the intermediate valence gradually changes as
functions of experimental parameters, including temperature,
pressure, and magnetic field. However, some of lanthanide
compounds exhibit a sudden valence change, so called valence
transition. The valence change in Ce-, Sm-, Eu-, and Yb-based
compounds influences the entire physical properties of them,
because it involves changes of not only electric properties but
also magnetic properties: one of their divalent and trivalent
states (trivalent and tetravalent states for Ce) is magnetic, and
the other is nonmagnetic (total angular momentum J = 0).

In the Ce- and Yb-based systems, only a few compounds
are known for their valence transitions, for example, Ce
metal [1] and YbInCuy [2,3]. On the other hand, the valence
transition is seen in a relatively larger number of Eu-based
compounds [4]. The origin of this tendency is still an open
question. To solve the mechanism of the valence transition
in each Eu-based material and to clarify characteristics of
Eu-4 f states, it is indispensable to accumulate studies from the
microscopic point of view. Nevertheless, there are few reports
of nuclear magnetic resonance (NMR) study investigating
the valence transition or even paramagnetic states in the
Eu-based compounds. This may be because fluctuations of
large magnetic moments in Eu>* state (S = J = 7/2, effective
moment per = 7.94up) lead to difficulties in observing NMR
signals.

Among the Eu-based valence transition compounds, EuPtP
is one of rare materials that show two valence transitions
as a function of temperature. At high temperatures above
Ta ~ 240 K, EuPtP basically crystallizes in the hexagonal
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NipIn-type structure where Eu and Pt-P layers alternately
stack along the ¢ axis (see the inset of Fig. 1). There is
only one Eu site for 7 > T, while this compound undergoes
first-order phase transitions at Tx and 7 ~ 200 K, resulting
in the existence of inequivalent Eu sites at low temperatures.
The drops of the susceptibility and of the unit cell volume
both just below T, and Ty are consistent with an increase in
Eu** component [5,6]: Eu’*t state is nonmagnetic, and the
lattice generally shrinks with smaller Eu*" ions than Eu*"
ions. Indeed, the reports of the Eu Ly edge x-ray absorption
spectroscopy (XAS) indicate that the Eu valence changes at
Tx and Tg [7,9], that is, the mean values are estimated as 2.10
for T > Ta (denoted as « phase), 2.33 for T < T < Ta (B
phase), and 2.41 for T < Ty (y phase) [9]. Moreover, EuPtP
exhibits antiferromagnetic ordering at 8.6 K [5,7,8].

There are also several works which attempted to identify
ordered structures in the 8 and y phases [7,9]. However, this
issue has not been fully confirmed yet. One of the points is
that experimentally measured mean Eu valences deviate from
values expected for structural candidates, especially in the o
and y phases. Moreover, it is still controversial whether the
Euions in the « phase is in the intermediate valence state or in
the divalent state. We have therefore carried out 3'P-NMR
measurements on EuPtP to clarify these problems. Taking
advantages of probing 3'P nucleus, which is known as one
of nuclides giving strong NMR signals (natural abundance
100 %, gyromagnetic ratio y, /27 = 17.237 MHz/T) and of
using a 15 T magnet, we could observe NMR signals in the
paramagnetic state of this compound. Although 3'P nucleus
(nuclear spin / = 1/2 and no nuclear quadrupole moment)
does not directly couple to the Eu valence, the opposite
magnetic character of the Eu’* and Eu®" states allows us to
get information on 4 f electron configurations at neighboring
Eu sites by measuring the Knight shift.

From the present studies, we obtained plausible ordered
structures in the 8 and y phases, and no indication of valence
fluctuation was found in the o phase. The results reasonably
explain the mean Eu valence determined by other experiments.
Eu moments are well localized in the all phases, indicating
small c-f hybridizations. No development of magnetic cor-
relations was observed as approaching the valence transition
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temperatures, suggesting that the mechanism of the transitions
is of purely electric origin or possibly associated with Fermi
surface properties for the appearance of the 8 phase.

II. EXPERIMENTAL DETAILS

Single crystals of EuPtP were grown by a Pb-flux
method [6,10]. We used a powdered sample for the NMR
measurements. The 3'P-NMR measurements were performed
using a standard spin-echo technique with a phase-coherent
pulsed spectrometer. NMR spectra were obtained at a fixed
frequency of 172.3 MHz and by sweeping magnetic field
with a commercial 15 T superconducting magnet. Nuclear
spin relaxation time 7, was measured by a single rf-pulse
saturation method. The susceptibility of a single crystal
was measured using a superconducting quantum interference
device (SQUID) at the maximum magnetic field (7 T) in order
to compare it with the NMR data.

III. RESULTS AND DISCUSSION

A. 3'P-NMR spectra

Figure 1 shows the temperature dependence of *'P-NMR
lines in the temperature range from 30 to 300 K. Two and three
well-identified lines are observed above Tg (@ and 8 phases)
and below T (y phase), respectively. All of the resonance
lines can be fitted by a Lorentzian function, and the spectra
are entirely different from a conventional powder pattern.
Therefore the obtained line shape implies that the grains of
the powder sample orient along the magnetic field due to the
anisotropic magnetization, so that the ¢ axis is perpendicular to
the fields (the easy axis is perpendicular to the ¢ axis [6]). The
temperature dependence of the Knight shift estimated from the
resonance fields will be shown later.

*'P.NMR Intensity (arb.unit)

10 11 12 13 14
Magnetic Field (T)

FIG. 1. (Color online) 3'P-NMR spectra measured at different
temperatures from 30 to 300 K. The dotted line indicates a field
of K = 0. The basic crystal structure in the o phase of EuPtP is also
illustrated.
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FIG. 2. (Color online) The intensity ratio of the signal P{, P/, and
P, measured at different temperatures. See text for details.

In Fig. 2, we show the intensity ratio of these resonance
lines at different temperatures. Here, the integral intensity was
corrected by using transverse relaxation time 7, data. The
intensity of the 3'P-NMR line is proportional to the number
of P atoms occupying the same site in the unit cell. Therefore,
from the number of resonance lines (namely, the number of
inequivalent P sites) and their intensity ratio, one can estimate
the ordered structures in the three phases. Moreover, we can
extract information on the local Eu valence by comparing the
present structural models to the Eu mean valence measured by
other experiments. Hereafter, we will discuss possible ordered
structures on the assumption that the hexagonal structure is
maintained in the all phases, because there is no experimental
evidence for the breakdown of this symmetry so far. First, we
start from the results on the S phase in which the ordered
structure is already almost identified.

Figure 3(a) shows the detailed 3'P-NMR spectra in the
B phase. The observation of two different resonance lines
indicates the presence of two inequivalent P sites. These two
sites are hereafter denoted as P; (lower resonance field) and
P,. The intensity ratio of the signals P; and P, is approximately
2 : 1 as shown in Fig. 2. These experimental results are well
explained within a model where Eu’* and Eu** basal planes
stack along the ¢ axis in order of Eu**-Eu**-Eu’**-Eu**-Eu?*-
Eu’*- - .. Then, the numbers of P; atoms (between Eu>* and
Eu’* planes) and P, atoms (between Eu>*t planes) is 2 : 1, as
illustrated in Fig. 3(b). This arrangement of the Eu?>* and Eu**
layers is in good agreement with the periodicity suggested from
a resonant x-ray diffraction measurement [9]. We therefore
conclude that the present interpretation for the 8 phase is most
probable, and we proceed to deduce the ordered structures for
other phases in the similar manner.
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FIG. 3. (Color online) (a) Temperature dependence of 3'P-NMR
spectra in the B phase, for 225 < T < 245 K. (b) The model of
ordered structure in the B phase. The thicker and thinner horizontal
lines indicate the basal layers consisting of Eu?" and Eu®' ions,
respectively. The Pt atoms are omitted for simplicity.

For the y phase, three resonance lines are observed as
shown in Fig. 4(a). Here, the two resonance lines at lower
fields [denoted as P} and P in Fig. 4(a)] are originally split
from the P, signal in the 8 phase, as the y phase develops upon
cooling. The P} and P} atoms are therefore supposed to be
placed in a similar environment to that of the P; sites, namely
they are in between the Eu>* and Eu®" layers. Another point is
that the small intensity of the P, signal is still observed in the
y phase. A model satisfying these experimental observations
is illustrated in Fig. 4(b). Although the y phase is basically
dominated by a structure where the Eu’>" and Eu’' layers
alternately stack along the ¢ axis, a small amount of the 8 phase
persists down to the lowest temperature. One sees that both P
and P} atoms sit between the Eu’* and Eu’* layers as indicated
in Fig. 4(b). However, one of the two second nearest-neighbor
Eu layers of the P} site consists of nonmagnetic Eu®*, while
both of those for the P/{ site are magnetic Eu?*. In this context,
the surroundings of the P/ site corresponds to the P; site in
the B phase. The ratio of such an irregularly ordered Eu layer
is estimated to be ~1/9 from the observed intensity ratio (see
Fig. 2),i.e.,P| : P{(=P)) : P, ® 6: 2 : 1 [see Fig. 4(c)]. The
mean Eu valence expected from the present model (2.44)
is in good agreement with 2.47 indicated from the XAS
measurement [9].

As for the o phase, two resonance lines are observed as
shown in Fig. 5(a), which is similar to in the 8 phase. Actually,
when increasing temperature from the 8 phase to the « phase,
the signals P, and P, do not show any significant changes
in their resonance fields as shown in Fig 5(b). This indicates
that the two P sites in the o phase are almost in the same
surroundings with those in the B phase. However, in the
a phase, the P, signal becomes stronger than P;, implying
obviously that the Eu?* component is enhanced. On the other
hand, the weak but certainly remaining P; signal suggests the
persistence of a small amount of the 8 phase at least up to
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FIG. 4. (Color online) (a) Temperature dependence of 3'P-NMR
spectra below 225 K, mainly in the y phase. (b) The model of ordered
structure in the y phase obtained from the present measurement. The
dotted arrows indicate the second nearest-neighbor Eu layers of the
P} and P, sites. Approximately, 1/9 Eu layers irregularly orders as
indicated by the solid arrow. (c) 3' P-NMR spectrum at 30 K. The solid
lines are Lorentzian fits to the data by assuming the intensity ratio
P, :P{(=P;) : P, = 6 : 2 : 1 on the basis of the model illustrated in
(b). The light blue, purple, and red lines correspond to P;, P{(= Py),
and P; sites, respectively. See text for details.

300 K. An ordered structure which reproduces the present
observations is illustrated in Fig. 5(c). From the intensity
ratio of approximately P; : P, =2 :7 in the o phase, most
of the Eu layers consist of Eu?t, and about 10% of the Eu
layers are trivalent. A resultant mean valence is 2.11, again
in good agreement with the estimated value from the XAS
measurement [9]. Note that the mean valence is static on the
NMR time scale, implying that the 10% residual phase is
segregated from the o phase and no indication of valence
fluctuations was obtained from the present study.

We briefly comment on the first-order character of the
transition at 7. From the previous measurements of the
macroscopic susceptibility, the large thermal hysteresis arising
from the first-order nature is found at 7y but it is hardly
observed at T [5,6]. Similarly, the hysteretic behavior is not
clear in the temperature dependence of *'P NMR lines around
Ta as shown in Fig. 5(b), except for a small deviation between
two spectra at 243 K, which is perhaps attributed to a small
hysteresis. However, as temperature decreases across Ta, the
spectral weight of the P, site is suddenly transferred to the P,
without showing any intermediate state, and vice versa with
increasing temperature. This is an unambiguous experimental
evidence reflecting the first-order nature of the transition at 7.

We here summarize the plausible ordered structure and Eu
valence state in each phase as follows. The intrinsic structure of
the o phase consists of Eu?" ions. In the 8 phase, the Eu basal
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FIG. 5. (Color online) (a) Temperature dependence of 3'P-NMR
spectra in the & phase. (b) *' P-NMR spectra measured with increasing
(red) and decreasing (blue) temperature across T. (c) The model
of ordered structure in the o phase obtained from the present
measurement.

planes stack along the ¢ axis in order of Eu*"-Eu*"-Eu’*"-
... For the y phase, Eu>* and Eu** basal planes alternately
stack along the ¢ axis. These ordered structures are entirely
consistent with the result from the XAS measurement [9].
All of the structures consist of ferro-type charge order within
a Eu layer, and we did not find any realistic model with
antiferro-type order within the Eu layer to explain satisfactorily
the observed NMR results. The indication of residual phases
well accounts for why the experimentally determined mean
valences deviate from the ideal values for the intrinsic ordered
structures. The appearances of the residual B phase in the «
and y phases may be associated with the first-order nature
of the transitions at T, and Tg. Otherwise, possibly they are
attributed to some kind of layered defects which are fixed to
the B phase even though the system enters into other phases.
This is suggested from the fact that the ratio of the irregularly
ordered Eu layers is about 1/9, which is almost the same both
in the o and y phases. Such a layered defect might arise from
surface effects. To elucidate their origin, a comparison between
samples with different qualities will be useful.

B. Nuclear spin relaxation rate

The temperature dependence of 1/ 7] provides information
on Eu spin states. Figure 6 shows representative 7| recovery
curves for the P/l, Py, and P, site. The data are quite well
fitted by a single exponential function, which is a theoretically
expected one for I = 1/2 systems, implying that each site
consists of a single phase.
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FIG. 6. (Color online) Representative T} recovery curves for the
P} site (T = 160 K, left), the P, site (7 = 220 K, middle), and the P,
site (T = 270 K). [M(c0) — M(00)]/ M (00) are plotted against time
t, where M (¢) is the nuclear magnetization at ¢. Solid lines are single
exponential fits to the data.

In Fig. 7(a), we plot 1/7, measured at the signals P} (y
phase), P; (B phase), and P, (o« phase), all of which arise
from the intrinsic sites in these phases. For the P, site, we
could not obtain reliable data below T due to too weak signal
intensity. The 7; relaxation in a localized f-electron system
is generally expressed as a combination of two contributions;
one is a relaxation due to the magnetic fluctuations of local
moments and the other is a Korringa-type contribution from
the conduction electrons, then
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FIG. 7. (Color online) (a) Temperature dependence of 1/7; for
the P}, Py, and P; sites. The dotted line in the y phase is a least linear
fit to the data for 85 < T < 200 K. (b) The plot of (T1A%)~! vs T
estimated using the data in Fig. 7(a) and Table 1.
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FIG. 8. (Color online) Temperature dependencies of (a) the
Knight shift K for the P}, P, and P, sites and (b) the susceptibility
x. x was measured at a field of 7 T perpendicular to the ¢ axis.

For the first term, when exchange interactions between local
moments are regarded as constant,

(/T ~ S(S + DA, )

where § is the localized moments and Ay is the hyperfine
coupling constant [11]. The second term is in proportion
to T, according to the Korringa relation. 1/7; at the P
site decreases below ~75 K upon cooling, suggesting that
the fluctuations of the local moments are suppressed by the
application of magnetic fields. Here, the Zeeman interaction
of the local moments (~ g H) in the fields of H = 10-13 T
approximately corresponds to 53-70 K.

Above ~75 K, 1/T) in each phase shows weak temperature
dependence, indicating that the first term of Eq. (1) is
predominant over the 7; relaxation process. We see from
Eq. (2) that the value of 1/7;, which depends on site and
phase, mainly reflects the values of Ay, as described later.
Aps for each P site in the three phases is evaluated from
the plots of the Knight shift K versus susceptibility x. The
temperature dependencies of K for the P}, P; and P, sites
are shown in Fig. 8(a). The temperature dependence of yx,
plotted in Fig. 8(b), was measured by applying magnetic field
perpendicular to the ¢ axis, so that the experimental condition
is close to that of the NMR measurements: namely the powder
sample is oriented perpendicular to the ¢ axis in the NMR
measurement, as mentioned above. The obtained K-y plots
are presented in Fig. 9. Here, we took into account the ordered
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FIG. 9. (Color online) K-y plots with temperature as an implicit
parameter for the «, B, and y phases. The solid squares, open circles,
and solid circles are the data for the P, Py, and P, sites, respectively.
The dotted lines are least square fits to the data.
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TABLE 1. Ay at the P, Py, and P; sites estimated from the K-x
plots in the «, B, and y phases shown in Fig. 9. The values for the
extrinsic residual phases are given in parentheses.

Ape (kOe/up)

P/1 P] P2
a - (=5.1+£0.4) ~7.0+02
B — —48+0.8 —8.6£0.6
y -39=+0.1 (=54=+0.2) (=7.2£0.3)

structures [see in Figs. 3(b), 4(b), and 5(b)] and a reasonable
assumption that only the Eu’" state contributes to x. In all
cases, K and x show aclear linear relation and Ay is estimated
by liner fits to these data. The results are summarized in
Table I.

It is useful to compare the values of Ayt for the P site in the
a and B phases, where the P; site originates from the intrinsic
structures of these phases. The absolute value of Ay in the B
phase is increased by about 20% compared to that in the o
phase, indicating that, in the 8 phase, interactions between the
P, site and the nearest neighbor Eu?* layers become stronger.
Since the magnitude of the Eu** local moments is supposed not
to change significantly depending on phase, the present result
is attributed to a decrease in the distance between the P, site
and the Eu”* layers. This is consistent with the shrinkage of
the ¢ axis which was observed by an x-ray powder diffraction
experiment [5].

We plot (T; Aﬁf)’1 as a function of temperature in Fig. 7(b).
Here, we employed Aps given in Table I, on the assumptions
that the value and the anisotropy of Ay do not depend on
wave vector q and P site, respectively. The roughly close
values of (T} A2,)~!, particularly in the « and y phases, again
suggest that the 7} relaxation is predominantly determined
by the fluctuations of the Eu*>* local moments and therefore
the c-f hybridization is small in all the phases. Similar 4 f
states are also seen in YbInCuy: 1/7; is almost constant
above the valence transition temperature (7y = 42 K) [12,13]
where the Yb valence is very close to 3+ [14]. However,
an intermediate valence state abruptly develops below Ty in
YbInCuy (Yb valence is ~2.84 [13]), which is different from
the case of EuPtP. It is likely that the valence shift toward
nonmagnetic state upon cooling, i.e., from Eu?t (Yb3+) to
Eu’* (Yb*T), occurs more smoothly in the Eu compounds
than in the Yb compounds. This is because the Eu** state
is thermodynamically preferred at low temperatures in terms
of the disappearance of local moments and smaller unit
cell volume than in the Eu>* state. On the other hand, the
nonmagnetic Yb>" state generally has larger unit cell volume
than the magnetic Yb3t state, which is unfavorable at low
temperatures. Note that (77 A%,)~! is slightly decreased in the B
phase, which may be associated with the jump of the electrical
resistivity along the ¢ axis in this phase [15]. A decrease in
the conductivity leads to a reduction of the minor contribution
(1/T1). in Eq. (1).

Regarding the mechanism of the transitions, one can
exclude the possibility of magnetic origin from the present
studies, since we did not observe any development of mag-
netic correlations as approaching 7, and Ty (see Fig. 7).
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Although we could not obtain crucial information to clarify
the mechanism of the valence shift between integer values
in EuPtP, we have detected some peculiar features of the
B phase as mentioned above. Namely, in the 8 phase, the
enhancement of Ay and the reduction in (77 A7)~ at the P,
site may associated with the structural deformation and the
metal-insulator like transition, respectively. These remind us
characteristic features of a charge-density wave transition, and
therefore the appearance of the 8 phase might be related to
Fermi surface properties.

IV. CONCLUSIONS

We have carried out *'P-NMR measurements on EuPtP.
From the measurements of NMR spectrum, ordered structures
and valence states in the o, 8, and y phases are presented,
which explain the observed resonance lines very well. No
indication of the valence fluctuations was found in the « phase.
Mean Eu valences estimated from the present study are in good
agreement with values determined by XAS measurements.

PHYSICAL REVIEW B 90, 195106 (2014)

From T, measurements, Eu moments were found to be in
well localized state in all the phases, indicating small c- f
hybridizations. We did not obtained any evidence for the
development of magnetic correlations around the transition
temperatures. On the other hand, we observed anomalies
associated with the lattice contraction and the metal-insulator
like transition at 7. These results indicate that the appearance
of the 8 phase is not of magnetic origin, but it is purely electric
or possibly associated with the Fermi surface properties.
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