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Impact of La substitution on the magnetic structure of a low-carrier-density
Kondo system: Ce0.9La0.1P
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We have performed neutron-diffraction measurements on Ce0.9La0.1P under high pressure. The La-
substituted Ce0.9La0.1P system exhibits aP-T magnetic phase diagram very similar to that of the parent
compound CeP. The large local randomness on the Ce lattice, however, introduces drastic changes in the
magnetic structure of the La-substituted system.@S0163-1829~98!50430-4#
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The Ce monopnictides CeX ~X5P, As, Sb, Bi! are semi-
metals with extremely low carrier densities, typically rangi
from 0.5% to 2.0%/Ce.1 Among them CeP is particularly
unusual; its resistivity shows a typical Kondo-type logari
mic behavior whereas the La-substituted system, CexLa12xP
with x50.02, exhibits normal metallic conductivity with n
evidence of Kondo behavior.2 This is in contrast to the be
havior of a conventional heavy fermion system.3

The magnetic properties of CeX are also unusual. Despit
its simple rock salt structure, CeX exhibits rich H-T and
P-T phase diagrams involving complicated magne
structures.4,5 It has been reported, for example, that CeP
hibits a series of magnetic structures with mixed magn
states.6 In this system theJ55/2 multiplet of the Ce31 ion
splits into a twofoldG7 ground state and a fourfold excite
G8 state with a crystal-field splitting of 170 K.7 Its magnetic
structure consists of a stacking of~001! layers with long
periodicity, in which ferromagnetically coupled double~001!
layers ‘‘↑↑’’ with 2 mB /Ce are separated by several param
netic ~001! layers such as ‘‘↑↑¯↑↑’’. 8 The double ferromag-
netic layers are claimed to have aG8 character because the
moment is close to the moment of theG8 state, 1.6mB /Ce.
With decreasing temperature, the paramagnetic layers o
antiferromagnetically with a magnetic moment
;0.8mB /Ce of theG7 state.6 @Hereafter, we refer to this kind
of magnetic structure as a ‘‘long period stacking’’~LPS!
structure.#

In the early work of Kasuya and co-workers9 they dis-
cussed the importance of thep- f mixing interaction between
the holes withG8 symmetry at theG point and theG8 state of
4 f electrons, and they successfully explained the sequenc
magnetic structures observed in CeSb and CeBi.5 By extend-
ing this theory, and by taking account of the extremely lo
density of carriers in the CeX system, Kasuya recently pro
posed the magnetic polaron~MP! model in order to explain
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the unusual transport and magnetic properties in CeP
CeAs.10–12 Two important ingredients of the MP model t
explain the aforementioned unusual LPS ordering are~1! the
strong anisotropicp- f mixing interaction, and~2! the hole
Wigner crystallization. The latter ingredient implies th
phase separation between a hole-rich region~ferromagnetic
layers! and a hole-poor region~paramagnetic layers!. The
strong anisotropicp- f mixing interaction favors the forma
tion of the ~001! ferromagneticG8 layers in the hole-rich
region, and leads to the unusual coexistence of theG8 andG7

states in the LPS ordering. After the observation of the L
ordering in CeP, on the other hand, Kasuya and co-worke11

noted that its periodicity seems to be primarily determin
by nesting effects of the Fermi surface. If this is the ca
however, it may not be necessary to invoke the Wigner cr
tallization of holes in order to account for the LPS orderi
in CeP.

At the present stage, the importance of thep- f mixing
interaction is unquestionable, but the possibility of the h
crystallization in these systems is controversial. In fa
while the MP model seems to account for many aspects
the LPS ordering, to this date there are no reports of
experimental observation of magnetic polarons in these
tems. It is of considerable importance then to elucidate
mechanism of the unusual phase separation between
hole-rich and hole-poor regions by experimentally exam
ing the LPS ordering in CeP in more detail. Since the int
action of carriers with localizedf electrons plays a crucia
role, the substitution of Ce ions with La ions—which ha
no f electrons—provides unique information about the ro
of f electrons in the Ce monopnictides. The La substitut
also causes negative chemical pressure and random loca
tortions of the lattice, which are expected to have stro
effects on magnetic as well as transport properties of C
Since the number of nearest-neighbor sites in the rock
R2929 © 1998 The American Physical Society
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structure is 12, we prepared La-substituted samples w
contain 10% La ions so that at least one of the near
neighbor sites of Ce ions is occupied by a nonmagnetic
ion. If the LPS ordering were formed through the Wign
crystallization of holes as the MP model proposed, this
dering would be very sensitive to the local randomness
could be easily destroyed in the La-substituted system.

Neutron-diffraction studies were performed on the trip
axis spectrometer GPTAS at JRR-3M in JAERI. An incide
neutron beam with a wave number ofki52.57 Å21 was ob-
tained by the PG~002! reflection, and a double-axis mod
with 408-808-808 collimators was employed as the spe
trometer configuration. The sample, a single crystal
Ce0.9La0.1P of 33333 mm3, and a NaCl single crystal use
for pressure calibration were mounted on an alumin
sample holder which was placed in a piston-type press
cell. A mixture of deuterated ethyl and methyl alcohol of
volume ratio of 4:1 was used as a pressure transmitting
dium. The pressure cell was cooled by a closed-cycle He
refrigerator.

Under high pressure the sample showed a severe inho
geneity of domain distribution. While at ambient pressu
there is an equal distribution ofx, y, and z domains, the
volume fraction of thex domain was 80% and 90% at 1.
GPa and at 2.2 GPa, respectively. This illustrates the imp
tance of considering of the domain distribution in the ana
sis of the magnetic structure. We have determined the
ume fraction of thex domain by evaluating the integrate
intensity of the~111! and ~311! ferromagnetic reflections
and carried out the analysis of the magnetic structure
taking account of the inhomogeneous domain distribution
well as the extinction effect.

Figure 1 shows theP-T phase diagram of Ce0.9La0.1P. In
the overall picture this phase diagram is very similar to t
of CeP. Above the critical pressurePC;0.8 GPa, a ferro-
magnetic component appears in the magnetic structure.

FIG. 1. P-T magnetic phase diagram for Ce0.9La0.1P. The num-
bers in the phase diagram denote the period of the LPS struct
The solid curves indicate the phase boundary between the para
netic and type-I antiferromagnetic phase belowPC and that be-
tween the paramagnetic and IM phase of the LPS ordering ab
PC , respectively. The transition temperatures atTC2 and atTC1 are
denoted by filled and open symbols, respectively.
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La substitution causes a negative pressure due to the la
radius of the La ion than that of the Ce ion, and this effe
well explains the increase ofPC from ;0.25 GPa for CeP to
;0.8 GPa for Ce0.9La0.1P.13 Below PC , Ce0.9La0.1P has the
type-I antiferromagnetic structure ‘‘↑↓↑↓’’, where magnetic
moments are ordered ferromagnetically within~100! planes
in the x domain, and such ferromagnetic~100! sheets are
stacked antiferromagnetically along the@100# direction.8

Above PC , on the other hand, the LPS magnetic orderi
coexists with the ferromagnetic component, and its period
ity becomes shorter as the pressure is increased. Ab
;2.6 GPa, the magnetic structure converges to the type
structure ‘‘↑↑↓↓’’.

As a function of temperature, Ce0.9La0.1P exhibits two or-
dered phases in theP-T phase diagram; the intermedia
~IM ! phase belowTC2 and the low-temperature~LT! phase
belowTC1 . Note that we use the same notation of Ref. 6
the two transition temperatures,TC2 andTC1 . We also per-
formed ac susceptibility measurements in order to indep
dently determine the transition temperatureTC2 , and the re-
sults were in good agreement with those of neutro
diffraction measurements. Although a detaile
characterization of the LT phase will be published elsewhe
we emphasize that the transition atTC1 in Ce0.9La0.1P is
strongly first order. This system exhibits distinct hystere
upon entering the LT phase, and a few LPS structures coe
at low temperatures. The severe hysteresis prevented us
determining the phase boundary between the IM and
phases. This should be compared with CeP where the tra
tion to antiferromagnetic ordering on theG7 cites atTC1 was
reported to be close to second order, and the phase boun
TC1 is smooth and is almost parallel to the pressure axis6

Figure 2 shows typical diffraction patterns along t
(h11) direction at selected pressures. These scans pro
information on the stacking of the ferromagnetic~100! layers
along the@100# direction in the LPS ordering. These patter
indicate that the LPS ordering has a period of five layers
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ag-
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FIG. 2. Typical profiles for the LPS ordering in the IM phase

1.4 and at 2.2 GPa. The curves shown are guides to the eye.
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four layers at 1.4 GPa and at 2.2 GPa, respectively.
insets in Fig. 2 show diffraction patterns along the in-pla
direction of the~100! plane. Because the linewidths of th
profiles perpendicular and parallel to the~100! plane are
resolution limited, we can establish that the ordering in
IM phase is truly long-range order.

As mentioned above, a very unusual LPS order was
ported to exist under high pressure in CeP. A similar lon
range LPS magnetic ordering is observed in the
substituted Ce0.9La0.1P sample in the present stud
indicating that the LPS ordering in CeP seems to survive
La substitution. In order to explore the influence of the
substitution on the LPS ordering, we have analyzed the m
netic structures in the IM phase of Ce0.9La0.1P. In Tables I
and II we summarize the observed and calculated magn
structure factorsuFmag(hkl)uobs

2 and uFmag(hkl)ucal
2 for the

ordering in the IM phase at 1.4 GPa and 2.2 GPa, resp
tively. In the table captions,$S1 ,S2 , . . . ,Sn% denote the
magnetic moments in the magnetic unit cell of the LPS str
ture with a period ofn spins. In these tables Model I corre
sponds to the magnetic structure reported for CeP; this m
overestimates the observed intensities by more than a fa
of 2. By allowing the variation of the size of the magne
moments in Model I, but keeping the spin arrangement of
ferromagnetic double layers, we can easily find a solut
which satisfactorily explains the observed intensities
shown in the columns labeled as Model II. By allowing
sinusoidal modulation of the moments~Model III! we can
also explain the observed intensities equally well. Althou
we cannot determine a unique magnetic structure tha
compatible with our diffraction experiment, we slightly favo
Model III as a possible magnetic structure in the IM phase
Ce0.9La0.1P. This is because the temperature dependenc
the relative ratio of the intensity of the peak ath50.2 against

TABLE I. Magnetic structure factors in the intermediate pha
at 2.2 GPa at 25 K. Model I: magnetic polaron model~S15S2

52.0, S35S450!; Model II: ferromagnetic double layer mode
~S15S251.2, S35S450.17!; Model III: modulated structure
model @Si50.6810.73 cos(q•r i)#.

(hkl) uFmag(hkl)uobs
2

uFmag(hkl)ucal
2

Model I Model II Model III

~111! 29.9 (68.3) 64 29.9 29.9
~0.511! 8.4 (62.3) 32 8.4 8.4

TABLE II. Magnetic structure factors in the intermediate pha
at 1.4 GPa at 18 K. Model I: magnetic polaron model~S15S2

52.0, S35S45S550!; Model II: ferromagnetic double laye
model ~S15S251.08, S35S45S550.2!; Model III: modulated
structure model@Si50.5510.53 cos(q•r i)10.18 cos(2q•r i)#.

(hkl) uFmag(hkl)uobs
2

uFmag(hkl)ucal
2

Model I Model II Model III

~111! 30.2 (66.8) 64 30.2 29.9
~0.611! 8.1 (61.6) 41.9 8.2 7.1
~0.211! 1.7 (60.3) 6.1 1.2 0.8
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that ath50.6 shown in Fig. 2 indicates that the five-perio
LPS structure in the IM phase is close to a sinusoidal mo
lation, but it is strongly squared up in the LT phase.

It should be noted that the ferromagnetic double la
with 2mB /Ce does not appear in either of Models II or II
By evaluating the spin-correlation functions, we can furth
demonstrate that the consecutive paramagnetic layers o
CeP structure do not exist in the IM phase of Ce0.9La0.1P. We
denote the spin-spin pair-correlation function for ferroma
netic layers with the distanced askS(0)–S(d)l. If there were
consecutive paramagnetic layers, the strong condition
kS(0)–S(a)l[0 would always hold ford5a, wherea is a
lattice constant. By evaluating the correlation functions
the LPS ordering with the four- and five-layer period, w
obtained thatkS(0)–S(a)l450.20(60.11), andkS(0)–S(a)l5
50.18(60.07), respectively. SincekS(0)–S(a)lÞ0 for both
cases, we exclude the possibility of the consecutive param
netic layers in the IM phase of Ce0.9La0.1P. Clearly, these
results demonstrate that the La substitution causes a dr
change of the actual spin arrangement in the LPS orderin
Ce0.9La0.1P.

A natural question one may ask is what determines
periodicity of the LPS ordering. According to the MP mode
the LPS ordering is formed through the Wigner crystalliz
tion of holes. For the actually observed LPS ordering in C
on the other hand, the LPS ordering seems to be governe
nesting effects,6,11 because its periodicity is either close
the diameter of the Fermi surface obtained by the ba
calculation,11 or to the observed periodicity in the de Haas
van Alphen measurements.6 An alternative approach that ex
plicitly accounts for these effects, the Kondo semime
model, was proposed by Ueda and co-workers.14 This theory
considers three factors:~I! competition between the intra
band and the interband exchange interactions,~II ! competi-
tion between the anisotropy and the exchange couplings,

FIG. 3. Temperature dependence of the profile nearh;1/2 for
the type-IA structure, and temperature dependence of the peak
sition.
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~III ! commensurability which may stabilize the commens
rate magnetic ordering through the gain of kinetic energy
the conduction electrons. In this model, the nesting effect
Fermi surfaces essentially determine the periodicity of
LPS structure, and even a simplified one-dimensional v
sion can qualitatively reproduce features of the obser
phase diagram.14

If the competition between the nesting effects and
commensurability is a major driving force for the LPS orde
ing, it should be possible to continuously change the L
periodicity in a real material. We observed such a continu
change in the periodicity of the type-IA ordering at 2.2 G
as shown in Fig. 3. AtTC2 , the magnetic superlattice pea
appears at the incommensurate position. With decrea
temperature, it quickly shifts and is locked in at the comm
surate positionh51/2. In the heating process, however, t
peak position is completely locked. This result is a cle
manifestation of the competition between the Fermi-surf
nesting effect and the commensurability effect. Consider
all available experimental results and existing theories,
conclude that thep- f mixing interaction and the Fermi
surface nesting effect are two indispensable ingredient
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account for the unusual LPS ordering in CeP a
Ce0.9La0.1P, but the precise mechanism of the formation
the LPS ordering and especially the origin of the ferroma
netic double layer in the parent material CeP should be
ther examined. We also note that the LPS ordering itsel
not a direct evidence of the existence of the magnetic
larons in CeP.

In conclusion, we have demonstrated that, despite s
larities of theP-T phase diagrams of pure CeP and the L
substituted system, the La substitution causes drastic di
ences in the magnetic structure. A detailed analysis reve
that the La-substituted Ce0.9La0.1P sample does not exhib
the consecutive paramagnetic layers observed in the ord
phase of the pure system, and that the magnetic momen
all sites do not exceed the value of the saturated momen
the G8 state, 1.6mB /Ce. These results indicate that the ma
netic ordering in Ce0.9La0.1P is rather conventional, althoug
the total moment certainly increases over theG7 value for
P.Pc .

We thank Dr. J. A. Fernandez-Baca for a critical readi
of the manuscript.
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