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Evidence for a magnetic-polaron state in the low-carrier system CeP
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Elastic neutron-scattering experiments performed in the low-carrier system CeP show interesting mag-
netic diffraction patterns under a magnetic field. They can be explained by the stacking of the ferromag-
netically coupled I'y double Ce layers among the antiferromagnetically coupled I'; layers with a period
of eleven Ce layers along the field direction, even though the crystal-field level energy of I'y is 160 K.
The result gives direct evidence for the existence of the magnetic-polaron state in CeP proposed by

Kasuya et al.

Strongly correlated low-carrier-density systems are
now attracting much attention, in particular in connec-
tion to the high-T, materials. In this sense, CeSb with
the NaCl-type crystal structure is a prototypical material
belonging to this class of materials. Trivalent rare-earth
monopnictides are compensated semimetals with low-
carrier density and, different from the doped systems,
essentially intrinsic character can be extracted by using
pure samples. CeSb is a typical low-carrier Kondo-lattice
system, contradicting the usual impurity Kondo picture.
Furthermore, it exhibits a most complicated magnetic
phase diagram, including a type of Devil’s staircase at
low temperatures.! Under an applied magnetic field, the
so-called FP phases appear; in these phases, the fer-
romagnetic layer of the fully polarized 4/ Ty state with
the moment value of 2ujp stacks in various sequence
among the I'; layers, In the paramagnetic phase, howev-
er, the I'y quartet is 35 K above the ground I'; doublet.
These anomalous properties were explained by Takahashi
et al.? as the result of a strong p-f-mixing interaction
with the I'g-type holes of the valence band located at the
I'" point of the Brillouin zone; the effect of this is strongly
nonlinear because of the low hole concentration. The
conduction band has a minimum at the X points and
mixes very weakly with the 4 f electrons.

Recently, very-high-quality single crystals of CeP were
successfully prepared and it was shown that the carrier
concentration in the material is much smaller than that
in CeSb; it is of the order of 0.001/Ce at low tempera-
tures, determined directly by the Shubnikov—de Haas
(SdH) effect,® and various anomalies were found in the
transport and magnetic properties.® ¢ They are rather
similar to those of CeSb, although the ground-state prop-
erties are mainly due to the 4/ T, state and the crystal-
field splitting is much larger (160 K) in the paramagnetic
state.” Such anomalies were not observed previously in
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less pure CeP samples. Similar properties were also ob-
served for very pure CeAs samples.*®

Kasuya et al. explained these anomalies based on the
magnetic polaron model.” It is well known that, in the
limit of low-carrier concentration, the carrier system
should behave as a Wigner crystal if the crystal is
sufficiently pure. Because of its strong quantum-crystal
character, the Wigner crystal melts easily and, in the usu-
al concentration under consideration, it is thought to ex-
ist as a liquid state; this is called a Wigner liquid hereaf-
ter. In a magnetic system such as CeP, each quasilocal-
ized hole polarizes the 4/ g states through a strong I'y
p-f-mixing interaction, stabilizes the Wigner liquid, and
changes it to a magnetic-polaron liquid. This state exists
even at room temperature, and becomes stronger with de-
creasing temperature because of the increasing suscepti-
bility of the 4/ g state. It becomes rapidly weaker, how-
ever, when the temperature drops beyond the crystal-field
splitting energy because the population of the I'y state de-
creases. At low temperatures, in particular under an ap-
plied magnetic field, the entropy term in the free energy
becomes unimportant, and this weak magnetic polaron
changes to a strong magnetic polaron with a small radius
and with a nearly saturated 4T’ moment. Since the
strong magnetic polaron cannot move easily due to its
large effective mass, it exhibits magnetic order, preferring
a ferromagnetic layered structure due to its strong in-
tralayer p-f mixing. Various anomalous properties are
explained by the above characteristics of a magnetic pola-
ron. Formation of magnetic polarons was claimed to be a
common feature of the strongly correlated low-carrier-
density systems.

The magnetization process of the high-quality CeP
sample obtained from the same batch as that for the
present neutron-scattering experiment is shown in Fig. 1
for fields up to H =10 T at 4.2 K, is well below the Néel
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FIG. 1. Magnetization of CeP at 4.2 K for the field along
[0,0,1]. The open and closed circles indicate the data with in-
creasing and decreasing magnetic field, respectively.

temperature of T, =10.5 K. It is seen that there exist
two different phases of the magnetic structure in this field
range. Magnetization measurements for higher fields®
show that there is a kink at about 12 T, above which the
magnetization increases much more slowly with many
small steps. Interestingly, the field values for the steps
align with equal spacing in 1/H scale, and the period
coincides with that observed by the SdH experiment at
lower fields.!” This suggests a strong correlation between
magnetic order and the Fermi surface in CeP. The mag-
netization finally reaches the saturation value of Ce3™"
(2.1up) after a rather large jump at 60 T. The magnetiza-
tion at zero field extrapolated from the slope above 12 T
gives the value for 4/ T, of 0.7u 5. Based on these results,
the authors of Ref. 5 claimed that the magnetization
process of CeP up to 12 T corresponds to the canning
process of the antiferromagnetic 4fT'; moments, the
slower increase from 12 to 60 T is due to the mixing of
the excited I'y state to the I'; ground state by the applied
field, and the step at 60 T is due to the crossover to the
I'; originating state with a nearly full moment. The ori-
gin of the two-step increases of the magnetization below 5
T was, however, an open question.

In order to solve the above dispute, a detailed elastic
neutron-scattering measurement has been performed on
the 5G spectrometer (PONTA) at the JRR-3M reactor in
JAERI by using a single crystal of CeP under magnetic
field.

The sample was inserted in a horizontal Helmholtz-
type superconducting magnet with the [1,—1,0] axis vert-
ical. The magnetic field up to 6 T was applied along the
[0,0,1] axis. Thus the present experiment covers the two
phases from H =2 to 4 T and above 5 T in Fig. 1. Here-
after, they are referred to as phases I and II, respectively.
The measurements were carried out mainly along [2,2,£]
and [3,3,£] directions with £ from 1.8 to 3.8. Figure 2
summarizes the obtained magnetic scattering patterns at
H =0, 2.7 T (phase I), and 5.5 T (phase II) at 5 K for
q =(0,0,¢) in the reduced zone scheme. The data around
(2,2,2) and (2,2,3) in the [2,2,2+¢] scans are not shown

in the figures because of strong nuclear scattering back-
ground from the sample or cryostat. The data in the
figures are corrected for the background, magnetic form
factor, Lorentz factor and angle factor in the magnetic
scattering length. Here, the magnetic form factor of the
Ce ion obtained by the dipole approximation'? is em-
ployed. The direction of the magnetic moment is sup-
posed to be parallel to the [0,0,1] direction since no mag-
netic scattering was observed in the (0,0,§) scan around
(0,0,1) at H=0 and 5.5 T and, although weak magnetic
intensities are seen at H=2.7 T in the (0,0,{) scan, they
are only about 1/100 of those around (3,3,2) after the
correction of the form factor and the Lorentz factor.
Thus the patterns in the figures directly correspond to the
square of the Fourier transform, |F(q)|?, where
F(q)=3;u;expliq-r;)/N, u; is the magnetic moment of
atom at site j and N is the number of atoms in the sum.
The pattern at the zero-field state corresponds to that
of the type-I antiferromagnetic ordering, where each fer-
romagnetically ordered (0,0,1) plane stacks antiferromag-
netically with the direction of the magnetic moment per-
pendicular to the plane. The magnetic moment per Ce
atom is estimated to be 0.8+0.1uy from the ratio of the
integrated intensity of the (3,3,2) peak to that of the
(3,3,3) nuclear peak at 5 K assuming the equivalent
domain distribution. The results are consistent with the
previous report for an impure sample.!' Kasuya claimed
that even without applied field some I'y layers exist with
replacing the I'; layers. A somewhat larger antiferro-
magnetic moment, 0.81p, than that of 4T, state may be
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FIG. 2. Scattering patterns of CeP at 5 K at (a) zero field, (b)
H=2.7T,and (c) H=5.5 T in a reduced zone scheme.
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due to this I'y contribution, but more accurate measure-
ment is needed to confirm this point.

The scattering patterns observed above 2 T are very
striking. At H =2.7 and 5.5 T, the antiferromagnetic
peak (§=1) disappears and, instead, an array of peaks in-
cluding the ferromagnetic component ({=0) is seen. The
ferromagnetic moments are estimated to be 0.24+0.05
and 0.50%0.10up per Ce atom at H =2.7 and 5.5 T, re-
spectively. These values agree with the magnetization
measurement shown in Fig. 1 within experimental errors.
The positions of the satellite peaks seen at H =2.7 and
5.5 T are the same and given by multiples of the wave
vector (27/a)d, where a is the lattice parameter and
6=0.182=2/11. The corresponding magnetic structure
is the layered structure with the fundamental period of
eleven (0,0,1) layers. At H=2.7 T, the fifth higher-order
peak has the strongest intensity. However, at H =5.5 T,
it almost disappears. Actually, when its intensity is
traced continuously with increasing field, it increases in
the same way as the increase of the magnetization, and
decreases suddenly at about 5 T where the second step-
wise increase of the magnetization is seen. On the other
hand, the intensities of other higher-order peaks keep
essentially the same values as those at H=2.7 T up to
fields of 6 T. It should be noticed that there is a
discrepancy of the satellite peak intensities between the
(2,2,2+¢) and (3,3,3+¢) scans although both scans are
considered to be equivalent for magnetic scattering. This
point will be discussed later.

The observed scattering patterns in phase I can be
reproduced well by the following ordering. The majority
Ce atoms have the I'; moment of about 0.7y, and order
antiferromagnetically as in the case of zero field. This or-
der is cut just in the eleven layers period by the ferromag-
netically coupled double layers with the moment value of
about 2up per Ce in each layer. Hereafter, the large mo-
ment layers are regarded as the I'g layers since their mo-
ment value is close to that of the I'g state in CeSb. The
I'; moment on the nearest-neighbor layer of the I'y dou-
ble layer couples antiferromagnetically with the I'y mo-
ment. Therefore, the I'; order shows the antiphase
domain structure. This is the origin of the strong fifth
higher-order peak. The order of the I'y; double layers
mainly contributes to the observed ferromagnetic mo-
ment and to the strong satellite peaks other than the fifth.
The disappearance of the fifth peak and the sudden in-
crease of the ferromagnetic component in phase II can be
explained by the disappearance of the antiferromagnetic
stacking of the I', layers along the [0,0,1] direction and,
instead, having the ferromagnetic component of about
0.2up per Ce ion along the applied field. This does not
necessarily mean the disappearance of the antiferromag-
netic ordering in the I'; layers in phase II since, within
our present experimental condition, only the magnetic
stacking along the [0,0,1] direction can be detected.
More extended study is now planned. It is important to
notice that, in spite of the change in the I'; layers, the or-
der of the I'; double layers never changes as seen clearly
in the persistent satellite structure up to the fourth order.

To obtain a best fit to the observed scattering patterns,
however, some modification to the above ideal structure
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is necessary. The main origin for the modification seems
to stem from a stacking fault for the I'y double layer. Ac-
tually, the observed widths of the satellite peaks are
about 30% broader than those of the (3,3,2) peak at
H =0 and (3,3,3) peak above about 2 T, indicating that
the order is not perfect but with a correlation range of
50-60 A. There are, however, too many possible ways of
the stacking fault and it is difficult to obtain a unique way
of the modification. The results shown in Figs. 3 are ob-
tained by the following physical conditions. By the
stacking faults, the occupation of the I'y double layers at
the Oth and l1st sites decrease by about 19% from the per-
fect occupation, while about 4% of I'; layers at the 2nd
and 3rd as well as the 9th and 10th sites in both phases
are replaced by the ferromagnetic I'y double layers. In
phase II, the additional ferromagnetic component on the
2nd and 10th sites is canceled by some induced antiferro-
magnetic components due to the antiferromagnetic in-
teraction with the neighboring I'y moment. Figures 4(a)
and 4(b) show the integrated intensities of the observed
peaks at 2.7 and 5.5 T together with the calculated results
based on the proposed model shown in Figs. 3(a) and 3(b),
respectively. The zero-field results are also shown in Fig.
4(a). The observed integrated intensities are put on an
absolute scale of |F(q)|? by normalizing the ferromagnet-
ic component at H =5.5 T to the value obtained from the
magnetization.

Although the above assumptions are rather simple, the
calculated results agree very well even in an absolute
scale with the observed values for the (3,3,3+¢&) scan at
both magnetic fields except for the fourth peak in phase I
and the fifth peak in phase II. These discrepancies seem
due to some modulation of the antiphase structure of the
41T, layers, which is neglected in the present considera-
tion because we are mostly interested in the order of the
I'5 layers. On the other hand, the systematic deviation of
the intensity for the (2,2,2+¢) scan from that of the
(3,3,3+¢&) scan is more serious because such a deviation
cannot be allowed in any magnetic ordering in the
present crystal structure. Therefore, we are forced to as-
sume that it comes from the contribution of nuclear
scattering caused by the lattice distortion associated with
the magnetic structure proposed above. One can show
that about 1% distortion of the lattice spacing at the 'y
double layers gives nearly the same scattering as those of
the magnetic scattering in the (2,2,2+¢) scan. This gives
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FIG. 3. Proposed model of the magnetic structure of CeP at
(a) H=2.7 T (phase I) and (b) H=5.5 T (phase II).
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FIG. 4. Observed (open marks) and calculated (close marks)
square of the Fourier component of the magnetic structure,
|F(q)|?, of CeP at 5 K, at (a) zero field and H=2.7 T, and (b)
H=55T.

no effect to the data in the (3,3,3+¢) scan because of the
negligibly small structure factor. For CeSb, a shrinking
of the order of 1073 was reported for the I'y interlayer
distance compared with that for the T'; layers.”* In this
respect, a 1% distortion seems to be a little too large even
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though the p-f mixing is stronger in CeP than in CeSb.
It is an urgent task to confirm this point.

To conclude, it is now clear that the stacking of the
double ferromagnetic layers with a large Ce moment cor-
responding to the full polarization of 4Ty state with the
eleven layers period among the 4/ T, layers is realized in
CeP under magnetic field. The results are consistent with
the model proposed by Kasuya based on the magnetic-
polaron picture. Any simple model which expects the
mixing of the excited I'y state by external or internal
magnetic field cannot explain the present result because
the applied field of about 2—5 T or the exchange field of
the order of 10 K is too small to overcome the crystal
field splitting of 160 K in CeP.!* The single I'y layer
model does not work because it is difficult to explain the
observed antiphase domain structure. The double layers
structure is also consistent with the FP phase in CeSb.

Finally the persistence of eleven layers period is con-
sidered in relation to the Fermi surface. The SdH oscilla-
tion observed for CeP shows the existence of a Fermi sur-
face with an extremal cross section of 0.02 A™2!° Sup-
posing that the Fermi surface is a sphere, the Ferml wave
vector is estimated to be about kp=~0.08 A7, Interest-
ingly, the observed fundamental wave vector (27/a)8 of
the magnetic order is quite close to twice that:
(2m/a)8=0.19 A™'. This fact strongly suggests that the
ordering of the I'g layers in CeP under magnetic field is
realized by Fermi surface nesting. It must be also strong-
ly correlated with the anomalous multistep magnetization
process observed at high magnetic fields in CeP described
before. A more detailed theoretical discussion concern-
ing the present results is given in a separate paper.'®
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