PHYSICAL REVIEW B VOLUME 60, NUMBER 22 1 DECEMBER 1999-I

Low-field low-temperature magnetotransport studies of CeP
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Magnetoresistance measurements on CeP have been performed between about 5 and 40 K in magnetic fields
up to 6 T. A complex phase diagram with six different phase transitions is derived. In particular, we find a
second phase transition in the supposed antiferromagnetic phase at zero-magnetic field. The magnetotransport
behavior is discussed in relation to the magnetic structure in each psa8663-182099)05245-5

[. INTRODUCTION phase, those Ce ions were assumed to be inlhatate.
Recent magnetic form factor measurements with polarized

CeP is a cubic compound with the NaCl structure. It is aneutrons have confirmed this view; i.e., the form factor de-
compensated semimetal with electrons and holes originatinggrmined for those Ce ions is very close to that expected for
mainly from the Ce 8 and P 3 states, respectively. The the crystal-fieldl's state? The ferromagnetid’s double lay-
carrier density is very low, estimated from Hall measure-€rs being intact, a type-I-like antiferromagnetic order devel-
ments to be about 1%/Ce or l€s§he compound has been ©OPs among the remaining paramagnetic ions below the tran-
an object of extensive studies these years because of variog&ion AF(I';).° The Ce ions in the antiferromagnetic part
intriguing phenomen&.The electrical resistivity shows a have al’z-compatible moment of 0.ZB/Ce and constitute a
negative temperature derivative down to about 8dwhich
is a great contrast to a simple metallic behavior found in the 7 ' f ' i
diluted compound Gga,_,P(x=0.02)# Further, the resis- AF(7) CeP F(T'g)
tivity of CeP at 80 K is one order-of-magnitude larger than 6|~ phasell < ool
that of the diluted compourfiMagnetic properties are still
more mysterious; long-period magnetic structures with unex- 5
pected large-moment stat¢Ref. 5 as well as successive - : A phase Il
metamagnetic transition&Refs. 6 and Y are notable among SF/’

. . (T7)
others. It is generally assumed that a strong interplay be- 4
tween the sparse carriers and the Qeldcalized magnetic
moments underlies these anomalies.

Figure 1 shows the magnetic phase diagram determined in
the present study. The crystal-field ground state of th&"Ce phase I
ion in the paramagnetic phaselis with I'g sitting at about 2=
160 K abové In a magnetic field of abdw2 T or higher
parallel to[001], CeP shows two distinct magnetic phase L o go |
transitions, denoted biy(I'g) andAF(I"5) in the figure, with \ AF Para.
decreasing temperatuteThe former transitionF(I'g) is A |3\ .u"
characterized by the appearance of a ferromagnetic moment T
The magnetic structure in phase Il has been determined
from neutron diffraction experiments to be regular stacking
of two ferromagnetic and eight paramagne©1) layers® FIG. 1. Magnetic phase diagram of CeP determined from resis-
The Ce ions in the ferromagnetic double layers have th@vity measurements in this study. The phase boundadigs, AF,
magnetic moment of 2B/Ce. Since the large moment is not F(I'y), AF(I';), andSF(I';), are shown; see text for their descrip-
compatible with thel’; ground state in the paramagnetic tion.
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ferromagnetic(001) layer, which couples antiferromagneti-

500
cally along the[001] axis. The total composite magnetic 200 — ! ! ! I(a)
structure is an eleven-layer one composed of ferromagnetic Sweep direction ~{ 400
I'g double layers and antiferromagnetically coupled Hile 300 - )
layers. The direction of th&'; moment is parallel and per- o) 300 3
pendicular to the applied field in the phases | and Il, respec- & 200} 200 £
tively, and hence the transitid®~(I";) may be regarded as a i g
spin-flop transition in the antiferromagnefic order. 100 — 100 &

Magnetic ordering at lower fieldsH<~2 T), espe-
cially at zero field, is less obvious. Previous low-field mag- 0+ 0
netization studies found two phase transitith©ne is an
antiferromagnetic transition at the Blaemperaturd, of 10 I I 500
K (the transitionAF in Fig. 1), whereas the other at a lower 400 - H=0.05T (b)
temperature is accompanied by a ferromagnetic moment and (“50”%?“) 400 _
was attributed to a transition to the phas@ur 8 transition 300, P 100 2
probably corresponds to this, see Fig. As the latter tran- '§ :
sition was not observed at zero field, it was concluded that & 200~ 200 &
CeP is a simple antiferromagnet at zero field. The conclusion = P 5
was reinforced by the observation that the neutron diffraction 100 -4 100 <
pattern at zero fieldteb K was found to be compatible with N
the type-l antiferromagnetic structuteHowever, there are o 7 ‘ 0
pieces of evidence suggesting that a second transition occurs 4 6 g 10 12 14
below T\ even without applied fields. In specific heat mea- T(X)
surements, for example, a shoulder was observed at around 8
K in addition to a sharp peak &t of 10.2 K310 FIG. 2. Resistivity and its temperature derivative f@ H

In this paper, we identify six different magnetic phase =0, and(b) H=0.05 and 0.25 T. Théi=0.05 T curve is shifted
transitions through detailed magnetoresistance measuremem 15044 cm. p; andp, denote longitudinal and transverse resis-
and provide a complete low-field description of the phasdlVities. respectively. The phase transitions 8, and AF are
diagram. In particular, by finding the two phase transitiongmarked.

AF anda at zero field(see Fig. ], we clarify that CeP is not

a simple type-l antiferromagnet even without applied fieldsPorted values:***?We notice that hysteresis is absenfat

We will argue that thex transition is ascribable to appear- and that it arises only at temperatures well belby. Simi-
ance ofl'g layers. Further, peculiar magnetotransport propJar behavior was noted in previous thermal expansion
erties in CeP will be discussed with emphasis on roles playefieasurements. The absence of hysteresis B is consis-

by I'g layers. tent with a usual antiferromagnetic transition, which is of
second order, while the hysteresis at lower temperatures sug-
gests existence of another transition. A small cusp appears at
8.4 K in thedp/dT trace for the increasing-sweep(dotted

The single crystal used in this study was grown by a redine) and confirms the second transiti'@.n responsible fqr
crystallization method.The resistivity was measured as a the hysteresis, even though the transition temperature is not
function of the temperatur€(~5 K<T<40 K) and also discernible in the decreasingsweep.
as a function of the magnetic field applied along[001]

(H<~6 T), using a standard four contact method with a
low-frequency ac currentf&72 Hz). By using a rotating 400
sample holder, we could switch between the longitudinal
(1H,p;) and transversel{H,p;) configurationsin situ.

Since CeP is known to exhibit a strong hysteresis effect, 300
the following procedures were followed to obtain reproduc-

Il. EXPERIMENTAL PROCEDURES AND RESULTS

T T T I T

ible results. Before starting a temperature or field cycle for §
data acquisition, the sample was always heated above 30 K i 200

(>Ty) and cooled in zero-magnetic field down to the lowest
temperature or a target temperature. [povs T measure-
ments, the magnetic field was applied at the lowest tempera- 100

CeP
H//1//[001], p,

Sweep direction

ture, and then up- and down-sweep data were consecutively ool
taken in that order.
The p vs T curve at zero field is shown in Fig(& to- ol ' ' L ' ‘ '
5 10 15 20 25 30 35 40

gether with the temperature derivatigp/dT (also see Fig. 3
for a wider temperature rangerhe peak at about 10 K sig-
nals the antiferromagnetic transition. Definifig as the tem- FIG. 3. Resistivity as a function of the temperature at zero field
perature wheredp/dT shows a maximum, we obtaifiy  and at longitudinal fields up to 6 T. The magnetic field dependence
=10.2 K, which is in good agreement with previously re- of the phase transitiors(I'g) andAF(T';) are indicated by arrows.

T&K)
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400 T

it T T phase diagraniFig. 1). We note thaip, and p; coincide at
—fits

CeP, HI001] zero field after removal of the field. The resistivity drop with
T=9.4K ’ hysteresis at abo@ T in theT=11.6 K traces is due to the
300 = o )| TEIeK Configuration ] transitionF(I'g).
' — UM.p The H-T phase diagram thus determined is shown in Fig.

: --- ILH, ot . .
v P 1 and is in general agreement with those previously

reported?>~710

100 [ T=2.0K " S - IIl. DISCUSSION

The observation of ther transition at zero field clearly
indicates that the type-l antiferromagnetic phase is stable

0 1 2 3 4 3 6 only in a narrow temperature region beldly, and that a
HD second low-temperature phase exists at lower temperatures.

FIG. 4. Resistivity as a function of the magnetic field. Arrows The absence of a clear transition in decreadingweeps
indicate directions of field sweeps. The phase transitighs Suggests that the lowest-temperature phase develops very

SKT';), andF(I'g) are marked. gradually with decreasing temperature, and/or substantial
_ disorder in the magnetic structure.
Thep; vsT (i=1 andt) anddp,/dT vs T traces at 0.25 T We ascribe the lowest-temperature phase to appearance of

are shown in Fig. ). Given our temperature accuracy of I'y layers. Existence of g layers does not contradict the
about 1%, Ty is the same as the zero-field value and noreported zero-field neutron diffraction pattern as long as the
hysteresis is appreciable @ . The « transition is clearly TI'g layers randomly replacE- layers with the same moment
observed at 8.5 K in the increasifgtraces(dotted line$.  direction. The staggered moment of 0u8;/Ce estimated
Comparingp, and p, for decreasingrF sweeps(solid lineg,  from the zero-field pattern is slightly larger than e mo-
we find an anomaly; i.e., the difference betwggnandp;  ment (0.714 ug/Ce) and it was previously suggested that
starts to grow rapidly below about 7 K. We attribute this the excess moment could be attributed to such replacement
anomalyp to a phase transition, although it is not necessarilyof I, layers withI'g layers® Further, recent magnetostriction
a counterpart of thex transition since the hysteresis loop (Ref. 12 and thermal expansion measureme(Ref. 13
does not close. The anomalyis found to exist even at 0.05 provide strong evidence for the existencelgflayers in the
T (shifted curves supposed antiferromagnetic phase at zero field. From direct
Thep, vs T curves &1 T and higher are shown in Fig. 3. observation of lattice contraction at tRgI'g) transition and
TheH=1 T trace shows a cusp at almost the same temperadso from analysis of the thermal expansion based on the
ture as the zero-field trace. The character of the transitiorgrystal field, the authors of those reports have shown that
however, differs from the antiferromagnetic transition atappearance dfg layers accompanies substantial lattice con-
lower fields; i.e., significant hysteresis starts from above theraction. Since shrinkage of the lattice is also observed below
transition temperature. For magnetic fields higher than 1 TT, it has been suggested that about 10% eflayers are
the data are readily interpreted. The large sharp resistivityeplaced withl'g layers at zero field below) .
drops accompanied by hysteresis are attributed to the transi- The anomalyg is attributed to a transition from the zero-
tion F(I'g), whereas broad maxima at lower temperaturesield low-temperature phase to phase I. In accord with results
are due to the transitioAF(I';). The magnetoresistance ra- of previous low-field magnetization measureméfitghe
tio, [p(0)—p(H)1/p(0), amounts to 0.83te6 T near 10 K. phase boundary does not intersect Thaxis in the phase
Figure 4 showsp, and p; at 2.0, 9.4, and 11.6 K as a diagram(Fig. 1), i.e., theg transition does not occur at zero
function ofH. The resistivity at 2.0 K is almost constant until field.
about 0.3 T wherg, andp, separate. The longitudinal resis-  The appearance of distinct anisotropy betwggand p,
tivity p, starts to increase whilg; decreases. This behavior at the anomaly may be explained as follows. A zero-field-
is reminiscent of the8 anomaly observed in the vs T cooled sample is equally divided beldly, into three types
curves at low fields. Indeed, th8 anomalies determined of domains, i.e., the domains in each of which the Ge 4
from thep vsH andp vs T traces lie on a single curve in a local moment is parallel t§100], [010], or [001]. This do-
H-T phase diagraniFig. 1). The resistivity in a field regime main structure prevents anisotropy, if any, from showing up
just above the3 anomaly shows a sample-dependent behavin the resistivity. As the field is increased alof@01], the
ior; for the present sampley, exhibits two broad peaks transition to phase | occurs and ff@®1] domains grow with
above theB anomaly whereas we observed only one peak irincreasing magnetic energy gain until the00] and [010]
our previous measurements on a different sarhfilee drop  domains disappear. We note here that the magnetic structure
in p; at 4.7 T is due to the transitioBF(I';), wherep;, in a[001] domain consists of g andI'; (001) layers and
shows a slight bend. For the decreaskgweeps, no sign of that, forp, (I[[[001], H|[001]), the electrical current goes
the 8 anomaly is found. Hysteresis loops do not close and gerpendicularly to those layers. Accordingly, we attribute the
noticeable difference betweenandp, remains at zero field. observed anisotropyp(>p;) to disorder in stacking se-
Similar zero-field anisotropy also appears at 5.1 and 7.2 Kjuence of the layers. Such stacking faults have been sug-
after application of field§édata not shown The resistivity at  gested by neutron diffraction experimerief. 5; the cor-
9.4 K shows a large decrease with significant hysteresis atlation length of the eleven-layer magnetic structure was
about 1 T. This transition links th8 andF(I'g) lines in the  found to be only 50-60 A and hence it was necessary to
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include disorder in the stacking sequence to fit experimentadespite thd'; crystal-field ground state in the paramagnetic
diffraction patterns. The analysis by Kohgt al. indicates  phase. The model emphasizes the strong mixing between the
that the occupation factor of tHeg site in the eleven struc- TI'y state of C&" ion and the valence holes of mainly $b
ture is about 80% and that sonhg layers exist randomly character, which has the sarfig symmetry at thd™ point in
replacingI’; layers. Those stacking faults, which may be the Brillouin zone. Through the bonding-antibonding effect,
regarded as irregularly instedds (001) layers, can effec- theI'g state is stabilized, becoming the ground level in the
tively scatter current carriers moving perpendicular to themordered states.

It is interesting to note that, after application of the field, An obstacle to the direct application of thef mixing
the anisotropy betweep, and p; persists to zero field for model to CeP is that the crystal-field splitting is too large to
T=2.0,5.1,and 7.2 K, but disappears Tor 9.4 K(Fig.4).  be overcome by the mixing, about 160 K compared with 35
This difference in behavior supports our interpretation of theK in CeSh. To deal with the problem, Kasuya and coworkers
a transition. With decreasing field at 9.4 K, we cross the have recently proposed formation of magnetic polarons in
phase boundarfFig. 1), thel'g layers melt away, and hence CeP'!>'6The essence of the idea is to localize holes around
the anisotropy due to the above mechanism vanishes. On thiee I'g states and thus to enhance the hole density locally,
other hand, since we do not cross theboundary at the which strengthens thp-f mixing. Based on a simple free-
lower temperatures, i.e., 2.0, 5.1, and 7.2 K, thelayers  energy model, they have claimed that, althoughlthestate
survive to zero field and hence the anisotropy persists. Thieemains the ground level in the paramagnetic phase, the
conjecture is in line with magnetization data measured at 4.Zhagnetic polarons, i.e., thEg state plus localized holes,
K, which indicates that, once the phase | is established, igxist even at room temperature through thermal activation.
stays stable down to zero field® Those magnetic polarons strongly scatter conduction carri-

We now turn to Fig. 3 and discuss the overall picture ofers, which explains the large resistivity in CeP in a high-
the magnetotransport properties in CeP. The zero-field resisemperature regionT>>~80 K). Further, the model pre-
tivity shows a peak just abovéy, which is probably as- dicts that the magnetic polarons form a lattice at a
cribed to critical scattering. Since the wave vector of thesufficiently low temperature through a first-order transition,
type-l antiferromagnetic structure links the hole pockets tato which the transitionsr andF(I'g), or the appearance of
the electron onedlocated at thd”™ and X points in the Bril-  ferromagneticl'g layers, can be ascribed. The transition is
louin zone, respectively antiferromagnetic fluctuations may expected to accompany a decrease in the resistivity since the
contribute substantially to the resistivity through interpocketmagnetic polarons are no longer random scattering centers
scattering. Then, the subsequent descent is partly ascribahigiven that their lattice is perfectly periodicThe model is
to quenching of those fluctuations. However, it also seemattractive in that it can afford a unified picture of various
that part of the resistivity reduction can be connected withanomalies seen in CEéP>® However, it still lacks direct
the appearance dfg layers at thex transition, since consid- evidence for the magnetic polarons and remains to be veri-
erable decrease occurs in the temperature region where hylfed by further studies.
teresis appears and hence thadransition takes place. The Finally, we note that the transport behavior presented here
suppression of the resistivity at the appearanc€gfayers  bears resemblance to the colossal magnetoresist@e)
is more evident for the traces measured in fields; a largeffect. Especially, our attention is led to the nonperovskite
sharp drop occurs at the(I'g) transition. CMR compound TMn,0;.1” We may also cite Eug

The p-f mixing model (Ref. 14 and its expansion, the which shows CMR-like transport behavitir.Both com-
magnetic polaron modéi*>® proposed by Kasuyatal. pounds are known to be a semimetal with very low-carrier
provide a possible explanation for the strong influenc&€of density (Refs. 17 and 1Pand formation of magnetic po-
layers on the resistivity. Thp-f mixing model successfully larons has been argué¥?! Comparative studies of these ma-
explained the anomalous physical properties of CéSh, terials could be helpful to elucidate mechanisms of nonper-
which thel'g state appears in magnetically ordered phasesvskite CMR phenomena.
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