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and NpBi at high pressures
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We report on high-pressure studies performed on the neptunium pnictides NpAs and NpBi via electrical
resistance up to;25 GPa between 1.3 K and room temperature, and on a high-pressure investigation up to 9
GPa and at 4.2 K on NpSb using237Np Mössbauer spectroscopy. This work extends previous high-pressure
studies carried out on NpAs via Mo¨ssbauer spectroscopy, on NpSb via resistance, and on all pnictides via x-ray
study. In NpX (X5As,Sb,Bi) crystallizing in the cubic-NaCl phase the ground state is antiferromagnetic and
displays a noncollinear 3k spin structure. The strong increase of the resistivity with decreasing temperature
observed in the temperature range of the 3k order at ambient pressure collapses at 0.23~NpAs!, 2.7 ~NpSb!,
and 3.9 GPa~NpBi!. No significant change of the hyperfine interactions is found in NpAs or NpSb at the
pressure where the resistance collapse is observed. The Kondo anomaly of the resistivity observed at ambient
pressure disappears above 25 GPa~NpAs!, 2.7 GPa~NpSb!, and 3 GPa~NpBi!. The Néel temperatureTN of
all compounds and the ordered moment of NpAs and NpSb decrease with reduced volume. For NpAs and
NpBi the resistance indicates the presence of magnetic order at least up to 16 GPa. The compounds undergo a
pressure-induced structural transition with a volume reduction by;10%. Although in the resistance of NpSb
the signature of magnetic order is lost already at 8 GPa in the high-pressure phase, a magnetic hyperfine field
is present, which is reduced by;30% relative to the NaCl phase. It is suggested that the resistance collapse
is caused by a change of the magnetic structure, that the decrease ofTN is due to a modification of the Fermi
surface besides a small 5f delocalization, and that in NpSb the volume reduction in the structural high-pressure
phase leads to an enhanced 5f delocalization.@S0163-1829~97!03241-4#
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I. INTRODUCTION

The intermetallics of Ce and the light actinides U and N
exhibit a broad range of electronic and magnetic behav
since in contrast to the classical rare-earth systems thef
~Ce! and 5f electrons~U, Np! hybridize with the conduction
band. This leads in most cases to a partial quenching of
ordered magnetic moment via 5f delocalization, Kondo
compensation, or crystal-field splitting. The Kondo compe
sation is caused by the antiferromagnetic exchange betw
the f states and the conduction band driven
hybridization.1 This often leads to an anomaly of the elect
cal resistivity, i.e., a logarithmic decrease with rising te
perature, in the paramagnetic range.1,2

The pnictides of neptunium NpX discussed in the presen
work (X5As,Sb,Bi) all crystallizing in the cubic-NaC
structure at ambient pressure behave in many respects
larly and display some remarkable properties. Their order
temperatures 173 K~for NpAs!, 200 K ~NpSb!, and 193.5 K
~NpBi! are comparatively high.3 Neutron and Mo¨ssbauer ex-
periments revealed that in the ground state their ordered
560163-1829/97/56~22!/14481~12!/$10.00
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ment (;2.6mB) and electric quadrupole coupling consta
(226 –231 mm/s) at the Np nucleus are close to the th
retical value expected for a Np31 free-ion state~2.57mB and
227 mm/s, respectively!.4–8 This seems to suggest that th
effects of crystal-field splitting, 5f hybridization, or Kondo
compensation are relatively small, although a considera
5 f -ligandp mixing is expected.9 The three systems are cha
acterized as semimetals due to their low carrier density
deduced from Hall-effect measurements3,10,11and their high
values of the room-temperature resistivity, larger than
mV cm. Interestingly a resistivity Kondo anomaly is ob
served in the paramagnetic range.

The three systems displays an antiferromagnetic gro
state with a noncollinear 3k structure.4–6 Multi-k structures
are rarely found in systems where no 4f or 5f electrons are
involved. They appear rather frequently in actinid
compounds.12 It has been shown for NpAs that the onset
the 3k structure is accompanied by a lattice expansion
;0.4%.13 As in some other pnictides, e.g., CeP,14 CeAs,15

USb,16 the onset of the 3k structure coincides with a shar
upturn of the resistivity, which can be explained by a d
14 481 © 1997 The American Physical Society
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14 482 56V. ICHAS et al.
crease of the carrier density due to a change of the Fe
surface.3,9

In the Ce and U pnictides mentioned above the resisti
goes through a maximum below the transition tempera
T3k of the 3k structure and then decreases at 4.2 K to a va
below the room-temperature value. In contrast, in NpSb
NpBi the resistivity displays no maximum and increases
stead drastically to more than 40V cm and 150 mV cm,
respectively, at 1.3 K, resembling a semiconducting beh
ior. The case of NpAs is intermediate,r(T) displays a maxi-
mum belowT3k but the low-temperature value is about twi
as large asr~300 K!.

Recent high-pressure resistance measurements on N
revealed that the sharp upturn ofr at T3k disappears above
2.3 GPa.17 This was taken as a hint for the disappearance
the 3k phase. Furthermore, between ambient pressure
2.3 GPa T3k decreases strongly with reduced volum
(d ln T3k /2d ln V523.1). The Kondo anomaly in the para
magnetic range disappears above 2.7 GPa.

Pressure is an elegant way to tune certain model par
eters, e.g., the exchange interaction or the magnetic mom
which allows one to compare their volume dependenc
with what is expected from predictions of theory or pheno
enology in actinide research. From previous Mo¨ssbauer ef-
fect measurements on NpAs the 3k phase was suggested
persist in the ground state up to;2.5 GPa and to coexis
with a collinear 4↑4↓ structure at higher pressures.18,8 Fur-
thermore, the ordering temperature of NpAs decreases m
slowly than in NpSb. It was proposed that the stronger
crease ofTN in NpSb is connected with a considerablef
hybridization with reduced volume, which may lead to
strong reduction of the magnetic moment.

Previous x-ray measurements revealed that all the th
compounds NpX undergo structural phase transformations
25–40, 10–18, and 8.5 GPa, respectively.19 The previous
resistance results on NpSb seemed to indicate that mag
order disappears in the high-pressure phase and that thf
electrons strongly delocalize.17

To extend the previous high-pressure work on NpX and to
examine some of the suggestions described above we
formed high-pressure resistance measurements on NpAs
NpBi up to ;25 GPa and Mo¨ssbauer measurements o
NpSb up to 9 GPa. This allows us to investigate three
portant aspects, the changes of the magnetic phases, pa
larly the 3k phase, the influence of the structural transiti
on 5f delocalization, and the magnetic behavior in terms
5 f delocalization in the NaCl phase.

II. EXPERIMENT

In the resistance experiments thin platelets of NpAs a
NpBi of dimensions approximately 0.630.230.03 mm3

were cleaved from a larger single crystal, the growth
which has been described elsewhere.20 The electrical resis-
tance of the sample placed inside of a sintered diamond-a
device was determined by the four-probe method. We u
steatite as pressure transmitting medium providing quasi
drostatic conditions. Successive cooling and heating cy
from 300 K down to 1.5 K were performed up to 25 GP
The pressure was determinedin situ from the superconduct
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ing transition temperature of a thin Pb foil21 embedded with
the sample.

Mössbauer transmission experiments on the 60 keVg
rays of 237Np were carried out using a241Am metal source
~about 50 mCi!. The absorber was a powder sample crush
from a single crystal of NpSb. The powder was compres
into a pellet of 4.5 mm diameter and 0.2 mm height with
thickness of;100 mg/cm2 of 237Np, and encapsulated in A
for radiation safety. The Al capsule~5 mm diameter, 0.7 mm
height, 0.25 mm wall thickness! was mounted inside a high
pressure cell of the Bridgman type usingB4C anvils. The Al
capsule and a small amount of paraffin between the cap
and the anvils served as pressure transmitting media.
rather large absorber area restricted the pressure rang
;9 GPa. The pressure was determined with a Pb manom
similar to the resistance experiment. Details of the Mo¨ss-
bauer high-pressure spectrometer can be found in Ref. 2

III. RESULTS

A. Resistance of NpX „X5As,Bi… and comparison to NpSb

Since the sample geometry is not precisely known, we
the resistanceR rather than the specific resistivityr to
present the data. The detailed resistance study of NpSb u
pressure has been published in Ref. 17. In order to giv
better overview we compare our new results on NpAs a
NpBi with the data obtained previously for NpSb. The res
tance versus temperature curves under pressure are sho
Figs. 1–3 for NpAs, in Fig. 4 for NpSb, and in Figs. 5 and
for NpBi.

The ambient pressure resistivities are plotted in the ins
of Figs. 1,11,3 4,23 and 5,3,10 respectively. For all compounds

FIG. 1. NpAs: Resistance vs temperature curves at low p
sures. The resistivity curve at ambient pressure taken from Refs
and 3 is shown in the inset. The arrows point to the magn
transitions extrapolated from the ambient pressure result.TN is the
Néel temperature,T4↑4↓ corresponds to the transition from the in
commensurate to the commensurate 4↑4↓ structure, andT3k indi-
cates the onset to the triplek structure.
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56 14 483ELECTRICAL RESISTANCE AND MAGNETIC . . .
the high values of the resistivityr at 1 bar and in the para
magnetic range (>1 mV cm) have been attributed to a sem
metallic behavior.3 Furthermore, a strong increase ofr ap-
pears at the onset of the 3k magnetic structure~at T3k

FIG. 2. NpAs: Resistance vs temperature curves~a! from 2.2 up
to 9.3 GPa,~b! from 9.3 up to 27.3 GPa. The arrows indicate t
presumed magnetic order. The corresponding ordering temper
is extracted from the derivativedR/dT as shown for one pressure i
the inset of~a!.

FIG. 3. NpAs: Hysteresis behavior of the kinks in the resista
vs temperature curve at 2.5 GPa~see Secs. III A and IV A!.
5140, 200, and 193.5 K, respectively! which in the case of
NpSb and NpBi even resembles a semiconducting behav
In NpAs, a collinear 4↑4↓ and an incommensurate magne

re

e

FIG. 4. NpSb: Resistance shown in logarithmic scale vs te
perature at different pressures. The data are taken from Ref. 17
inset shows the ambient pressure resistivity~Ref. 23!. The arrow
points to the onset of magnetic order.

FIG. 5. NpBi: Resistance shown in logarithmic scale vs te
perature at pressures up to 3.9 GPa. The inset displays the am
pressure resistivity taken from Refs. 10 and 3. The arrows show
onset of magnetic order.
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14 484 56V. ICHAS et al.
structure are present above 140 K.4 They are visible as two
small anomalies atT4↑4↓5156 K and TN5173 K. In the
paramagnetic range, a logarithmic variation of the resista
is present in all compounds which is typical for a Kon
behavior.

First we compare our results at the lowest pressures
vestigated with the previous measurements at 1 bar. All
sential qualitative features described above are also pre
at 0.2 GPa~NpAs!, 0.7 GPa~NpSb!, and 0.2 GPa~NpBi!.
However, we observe already considerable quantita
changes. The ratiosR4.2 K/R300 K are drastically reduced in
all compounds. An estimation of the specific resistivityr
from the resistanceR shows that in the paramagnetic ran
the low- and ambient pressure resistivity values agree w
Consequently, the resistivity at 4.2 K is reduced by a fac
of ;2 in NpAs, ;300 in NpSb, and;50 in NpBi. The
sharp upturn corresponding to the onset of the 3k magnetic
structure occurs at lower temperatures, 136 K in NpAs, 1
K for NpSb, and 188.5 K for NpBi, i.e.,T3k decreases unde
pressure. In NpAs the maximum of the resistance in thek
phase appears at 107 K in comparison to 123 K at amb
pressure. Furthermore, the Ne´el temperature slightly de
creases (TN'170 K), whereasT4↑4↓ remains unchanged
within the experimental resolution.

As pressure is increased, in all compounds a collaps
the low-temperature resistance is observed. This occur
0.23 GPa for NpAs~Fig. 1!, 2.7 GPa for NpSb~Fig. 4!, and
3.9 GPa for NpBi~Fig. 5!. In NpAs and NpSb, this effect is
even accompanied by a suppression of the signature o
3k magnetic order, i.e., the sharp upturn of the resistan
Instead, in NpAs a kink appears at;120 K, i.e., between the
low-temperature regime (T,120 K) displaying a positive
curvature ofR(T) and the high-temperature range (120

FIG. 6. NpBi: Resistance vs temperature curves between 3.9
22 GPa. The arrows point at the signature of magnetic order at
pressures. The corresponding ordering temperatures are extr
from the derivativedR/dT as shown in the inset for one pressur
The superconducting transition above 3.9 GPa and below 10
due to traces of bismuth in the NpBi sample~see text!.
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,T,150 K) showing a negative curvature. At several pre
sures the kink exhibits a strong hysteresis~of up to 18 K!
upon decreasing and increasing temperature as shown in
3 for 2.5 GPa~see Sec. IV A!. The temperature of the kink
decreases with increasing pressure and the kink disapp
above 3 GPa. In NpSb the upturn is replaced by a sh
decrease ofR(T) below 190 K. In NpBi, this upturn is still
present up to 16.2 GPa.

In NpBi, a striking feature is observed above 1 GPa a
below 10 K. The resistance displays a sharp decrease
reduced temperature~Figs. 5 and 6!. Above 3.2 GPa, the
resistance drops to zero, i.e., we observe a supercondu
transition. The variation of this transition temperatureTc is
not continuous as a function of pressure.Tc oscillates be-
tween;6 and;9 K above 4 GPa. This variation is almo
identical to the variation ofTc with pressure in the differen
polymorphic phases of bismuth.24 In addition, photoemission
measurements on a single crystal from the same batch
vealed the presence of metallic Bi.25 Therefore we believe
that this superconducting transition is due to traces of B
our sample.

In Fig. 7 the Ne´el temperaturesTN are plotted versus pres
sure. TN decreases with rising pressure in the three co
pounds. In NpAs, the resistance anomaly at the Ne´el tem-
perature is rapidly lost under pressure~Fig. 1!. At several
pressures above 5.7 GPa, however, an inflection point~i.e., a
minimum ofdR/dT! appears in theR(T) curves~see arrows
in Fig. 2!. These inflection points~d, see Fig. 7! coincide
with the Néel temperatures derived from Mo¨ssbauer experi-
ments~h! which were performed up to;8.4 GPa.18 There-
fore we suggest that the inflection points~d! also giveTN
above 8.4 GPa. We find thatTN decreases from;173 K at 1

nd
h
ted

is

FIG. 7. Pressure variation of the Ne´el temperatureTN obtained
from our resistance data~d! for NpAs, NpSb~Ref. 17!, and NpBi
and from Mössbauer data~h! for NpAs ~Ref. 18!.
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56 14 485ELECTRICAL RESISTANCE AND MAGNETIC . . .
bar to 140 K at 15.9 GPa with a rate of23.0 K/GPa at low
pressures. Above 16 GPa, the minimum in the derivative
no longer present.

In NpSb, the Ne´el temperature was determined in th
pressure range up to 2.3 GPa where the sharp increas
R(T) is present. The magnetic order appears as a minim
in the curves of the derivativedR/dT.17 TN was found to
decrease at a rate of211.5 K/GPa~Fig. 7!. Above 2.3 GPa,
it is difficult to determineTN but the decrease ofR below
170 K is probably due to a magnetic transition.17

In NpBi the signature of magnetic order is the same
ambient and elevated pressure. We can therefore easily
tract the Ne´el temperature from our resistance data.TN cor-
responds to a sharp minimum in the curves of the derivat
dR/dT which disappears above 16 GPa~inset of Fig. 6!. TN
decreases at two different rates,21.02 K/GPa below 8.9
GPa and22.5 K/GPa above 8.9 GPa~Fig. 7!.

With further increase of pressure, the signature of mag
tism disappears in NpSb above 8 GPa~Ref. 17! and in NpBi
above 16 GPa~Fig. 6! and theirR(T) curves exhibit a me-
tallic behavior. In contrast, in NpAs a decrease of the re
tance with decreasing temperature below;150 K is still
present above;16 GPa and may be due to magnetic ord
~Fig. 2!.

The logarithmic Kondo anomaly found at ambient pre
sure in the paramagnetic range,3 progressively disappear
above 2.7 GPa in NpSb and 3 GPa in NpBi. In NpAs, ho
ever, the Kondo anomaly is present up to;25 GPa and dis-
appears at higher pressures.

In NpAs a minimum appears below 40 K at a few pre
sures~Fig. 2!. At present the origin of the latter feature is n
understood.

In NpAs and NpSb, the resistance in the paramagn
range decreases with increasing pressure. In contrast, th
sistance variation of NpBi as a function of pressure is m
complicated over the whole temperature range~Fig. 6, see
Sec. IV B!.

B. Mössbauer spectroscopy on NpSb

Figure 8 shows Mo¨ssbauer spectra recorded at 4.2 K
selected pressures. The spectra measured between 1 ba
4.2 GPa were fitted assuming a single Np site with a m
netic hyperfine and a collinear axially symmetric quadrup
interaction. At 7.8 GPa an additional line broadening of
outer lines was taken into account which is proportional
the magnetic splitting of the nucleus. At 9.0 GPa two su
spectra were fitted~see below!. The results of the measure
ments at 4.2 K and for all pressures investigated are sum
rized in Table I. The hyperfine parameters obtained
ambient pressure are in agreement with the values obta
in a previous Mo¨ssbauer study.6 The pressure dependence
the magnetic hyperfine fieldBhf , of the quadrupole interac
tion e2qQ and of the isomer shiftS is depicted in Fig. 9. The
following features are observed:

Between ambient pressure and 7.8 GPaBhf decreases
weakly by;5%.

In this pressure range the coupling constant of the elec
quadrupole interactione2qQ is nearly constant within the
experimental errors. The field gradienteq is ‘‘induced’’ by
magnetic order. In the NaCl structure of NpSb the Np s
is
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symmetry is cubic in the paramagnetic range, which lead
a vanishing field gradient. However, magnetic order bre
cubic symmetry at the site of the Np nuclei, i.e., a quanti
tion axis is established, which induces a field gradient.

The isomer shiftS displays a linear decrease up to 7
GPa~see Fig. 9! with a normalized slope of (1/DSNp31→Np41

)
dS/dp5131021 GPa21, where DSNp31→Np41

5uS(Np31)
2S(Np41)u550 mm/s is the difference inS between the
Np31 and Np41 configurations.26

At 7.8 GPa fits assuming the same hyperfine pattern a
lower pressures did not show satisfactory agreement with
data, since the width of the inner lines of the spectrum
considerably smaller compared to those of the outer lin
Consequently an enhanced ratio of the amplitude of the in
to outer lines is observed. This hints to a small distribution
hyperfine fields at high pressures.

At 9.0 GPa ~see Fig. 8! the hyperfine pattern display
drastic deviations in comparison to lower pressures. A ca
ful analysis unequivocally shows that two subspectra i

FIG. 8. NpSb: Mo¨ssbauer spectra recorded at 4.2 K and selec
pressures.
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TABLE I. NpSb Mössbauer results at 4.2 K for various pressuresp. The magnetic hyperfine fieldBnf , the coupling constant of the
electric quadrupole interactione2qQ, the isomer shiftS, and the line widthG ~full width at half maximum! are listed. The isomer shift is
given relative to NpAl2. At 9.0 GPa the relative intensities~RI! of the subspectra due to the Np sites 1 and 2 are listed. Since the outer
are broadened at 7.8 and 9.0 GPa, the values for the widthG are omitted in these two cases.

p ~GPa! Bhf(T) e2qQ ~mm/s! S ~mm/s! G ~mm/s! RI ~%!

0.0 559~2! 229(1) 22.5~2! 2.7~1!

1.9~2! 552~2! 229(1) 20.9~2! 3.8~2!

2.7~2! 549~2! 228(1) 20.7~2! 3.5~4!

4.2~2! 545~2! 229(1) 19.7~2! 4.0~4!

7.8~3! 530~3! 228(2) 16.8~4!

9.0~3! Site 1 527~4! 228(3) 16.5~4! 52~5!

Site 2 355~4! 134(3) 7.4~4! 48~5!
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two different Np sites are present. Site 1 can be identifi
with the structural and probably magnetic phase presen
7.8 GPa. At site 2,Bhf2 is drastically reduced by more tha
30% ~see Table I!, the quadrupole coupling consta
(e2qQ)2 even shows opposite sign, and the isomer shiftS2 is
reduced by;9 mm/s relative toS1 . The latter effect corre-
sponds toDS/DSNp31→Np41

'18%. As discussed in Sec
IV B, these striking effects are due to a sluggish structu
phase transformation which was found previously.27 The
relative intensities of the two subspectra 1 and 2 are clos
1:1.

We emphasize that at 7.8 GPa our analysis excludes
onset of a structural phase transformation. A second Np
displaying strong deviations of the hyperfine interactions
be ruled out within the experimental accuracy, in contras
the situation at 9 GPa. The line broadening is probably
to a change of the spin arrangement~see Sec. IV B!.

FIG. 9. NpSb: Pressure dependencies of the magnetic hype
field Bhf , the coupling constant of the induced quadrupole inter
tion e2qQ, and the isomer shiftS relative to NpAl2. At the highest
pressure two Np sites can be distinguished, Np site 1:s, Np site 2:
n.
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IV. DISCUSSION

A. Collapse of the low-temperature resistance
and magnetic transformations

In the pnictides of Np the onset of the noncollinear 3k
phase is accompanied by two features in the resistivity
ambient pressure. At the transition temperature,T3k , the re-
sistivity displays a sharp upturn with decreasing tempera
~see insets of Figs. 1, 4, and 5!, which also has been observe
in CeP,14 CeAs,15 and USb~Ref. 16! and which therefore
seems to be a fingerprint of this structure.3 In contrast to the
Ce systems, in the actinide pnictidesr(T) increases far
above the room-temperature values belowT3k . The most
remarkable pressure effect in NpAs, NpSb, and NpBi is
collapse of the low-temperature resistance which occur
increasingly high pressures within the series~0.23 GPa for
NpAs, 2.7 GPa for NpSb, and 3.9 GPa for NpBi!. In NpAs
and NpSb this is even accompanied by the suppression o
sharp upturn of the resistance at the onset of the 3k magnetic
order whereas this feature is still present in NpBi up to 1
GPa.

For an interpretation of the resistance collapse under p
sure it is crucial to understand the mechanism which gi
rise to the enormous increase of the resistivity in thek
phase at ambient pressure. According to Kasuyaet al., the
onset of the 3k structure reduces the number of carriers
the nesting regions of the Fermi surface.9 For this reason the
carrier number and consequently the electrical conducti
is highly sensitive to the presence of the 3k structure. The
collapse of the low-temperature resistance indicates a
matic increase of the carrier number. This suggests tha~i!
either the 3k structure disappears under pressure at 0.23 G
in NpAs, 2.7 GPa in NpSb, and 3.9 GPa in NpBi;~ii ! or the
Fermi surface drastically changes under pressure withou
fecting the magnetic structure.

As it is known that in NpAs the onset of the 3k structure
at ambient pressure is connected with a lattice expansio
;0.4%,13 its suppression with reduced volume can be e
pected~0.23 GPa corresponds toDV/V0'0.3%!. Further-
more in all pnictides of U and Np displaying a 3k structure,
T3k decreases under pressure.28,17 Consequently the applica
tion of pressure weakens the interactions which are resp
sible for this structure. Thus, taking the resistance data alo
a magnetic phase transformation~i! is very likely.

In the following we discuss our resistance data on Np
within a preliminary phase diagram suggested from previ
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high-pressure Mo¨ssbauer measurements.18,8 The pressure-
induced magnetic structures in NpSb and NpBi are discus
within our results further below.

1. Magnetic phases of NpAs

The phase diagram proposed in Refs. 18 and 8 is depi
in Fig. 10 with slight modifications suggested by our res
tance study. According to Refs. 18 and 8 it was shown tha
low pressures up to 2.5 GPa and at 4.2 K, i.e., in the ra
where the resistance collapses,Bhf ande2qQ display no sig-
nificant changes. The phase denoted as ‘‘Bhf1’’ in Fig. 10
was tentatively identified as the noncollinear 3k phase,
which is already present at ambient pressure. Above 2.5
the Mössbauer spectra reveal a coexistence of two magn
hyperfine fieldsBhf1 and Bhf2 . Bhf2 is reduced by;10%
relative to Bhf1 . Note that at ambient pressure and atT3k
>138 K, Bhf is reduced in the collinear 4↑4↓ phase by
;10% relative to the 3k phase as well. It was suggested th
in the ‘‘Bhf11Bhf2’’ regime ~see Fig. 10! the 3k and 4↑4↓
structures coexist, since a modulated structure seems t
unlikely due to the intensities of the two fields.8 This implies

FIG. 10. NpAs: Proposed magnetic phase diagram~see also Ref.
18!. The behavior at ambient pressure is well established~Ref. 4!
but the volume dependence must be considered to be tentative
Néel temperature~d! at elevated pressure is obtained from previo
Mössbauer~Refs. 8 and 18! and our resistance data. The phas
‘‘ Bhf1’’, ‘‘ Bhf11Bhf2’’ and ‘‘?’’ denote unknown high-pressure
phases. In ‘‘Bhf11Bhf2’’ two magnetic hyperfine fields were ob
served. The fieldBhf2 is reduced by;10% relative toBhf1 ~Ref.
18!. It is suggested that the temperaturesTkink ~h! coincide with the
magnetic transition temperatures of phase ‘‘?’’ to ‘‘Bhf1 . ’’
ed

ed
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that the 3k phase is present at least up to 8.5 GPa in cont
to hypothesis~i!. However, we emphasize that at prese
only thesizeof mord is known, whereas the magneticstruc-
ture still needs to be investigated at elevated pressure
neutron diffraction.

As described in Sec. III A the sharp rise of the resistan
collapses above 0.2 GPa. Instead a kink occurs in the p
sure range of 0.23–3 GPa and at temperatures below 15
The temperatures where the kink appears~h! are plotted in
Fig. 10. The kink represents probably the transition betw
the ‘‘Bhf1’’ phase at low-temperature and a high-temperat
phase ‘‘?’’ which is unknown. This is consistent with th
proposed diagram of Ref. 18. The strong hysteresis of
kink upon increasing and decreasing temperature~see Fig. 3!
gives evidence for a first-order transition. Furthermore
strong hysteresis may be taken as a hint that the magn
structure is changed above 0.23 GPa, since at ambient p
sure and at 0.2 GPa the hysteresis is much smaller. The
perature of the kink~h! decreases with increasing pressu
and disappears above 3 GPa, roughly in the pressure r
where the second hyperfine fieldBhf2 occurs in the Mo¨ss-
bauer spectra. Consequently a transition between diffe
magnetic phases is not visible in our resistance curves in
pressure range, as is expected from Ref. 18.

2. Pressure-induced phases in NpSb and NpBi

In NpSb the upturn is even replaced by a sharp decre
of the resistance at pressuresp>2.7 GPa~Fig. 4!. Thus a
substitution of the 3k phase is very likely as well. Neither th
ordered moment nore2qQ is significantly changed in the
high pressure structure which probably excludes a 4↑4↓
phase.

In NpBi the upturn is still observed up to 16 GPa. It
possible that the 3k phase is present up to 5.3 GPa. Howev
we rule out its presence at higher pressures, where the c
tallographic structure is tetragonal~see Sec. IV B! and is not
compatible with a 3k magnetic order.

B. Structural transitions

High-pressure x-ray measurements at room tempera
on the pnictides NpX (X5As,Sb,Bi) have revealed crysta
lographic phase transformations from the cubic NaCl (B1)
to cubic CsCl (B2) structure in NpAs and to a distorte
~tetragonal! CsCl structure in NpSb and NpBi.19 In NpAs
and NpSb the transitions are sluggish and occur in a w
pressure range, between 25–40 and 10–18 GPa, with vol
compressions of 9 and 11.5 %, respectively.29,27 In NpBi a
sudden transformation appears at;8.5 GPa with a compres
sion of 12%.19,30 Since structural transitions can be acco
panied by modifications of the Fermi surface and of ma
netic properties, changes in the resistivity are expected
the following we discuss the features observed in the re
tance measurements, which can be correlated to the p
transformation.

1. Features in the resistance

In NpAs the transition pressure is possibly too high to
observed in our resistance measurement. The only strik
effect is the disappearance of the logarithmic Kon
anomaly at 27.3 GPa@see Fig. 2~b!#. For NpSb, an anoma
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lous behavior of the resistance versus pressure curves a
K and at room temperature between 5 and 8 GPa has
attributed to the structural phase transformation.17 The signa-
ture of magnetic order disappears in the high-pressure ph
Surprisingly the pressure range of the transition is lower t
found for x-ray measurements. The different transition pr
sures were explained by different quasihydrostatic conditi
in the high-pressure cells.17 For NpBi the resistances at 30
and 10 K are plotted versus pressure in Fig. 11. As in Np
an anomaly appears in the pressure range of the struc
transition~between 4 and 10 GPa!. At both temperatures the
resistance suddenly rises with increasing pressure. In th
tragonal phase above 10 GPa the resistance starts to
crease. The signature of magnetic order remains uncha
in the R(T) curve, whereas the negative slope ofTord as a
function of pressure is enhanced as depicted as depicte
Fig. 7.

Since similar structural transitions appear in alkali halid
(NaC→CsCl) ~Ref. 31! and LaSb (NaCl→tetragonal struc-
ture, at 10 GPa withDV/V0;10%!,19 they are certainly not
driven by 5f hybridization. However, the transition may a
fect the 5f electrons. This is observed indeed in our Mo¨ss-
bauer study of NpSb at 9 GPa.

2. Features in the Mo¨ssbauer results of NpSb

The relative intensities (;50%) of the subspectra of site
1 and 2~see Sec. III B! suggest that at 9 GPa theB1 and
tetragonal phase coexist with approximately the sa
weight. According to the resistance measurements of Ref
the presence of the tetragonal phase would be expecte
ready at 7.8 GPa which, however, is ruled out by our Mo¨ss-
bauer results within the experimental resolution. The dis
bution of magnetic hyperfine fields observed at 7.8 G
suggests that the resistance is modified by both the struc
and magnetic changes. Furthermore the different transi
pressures found with different methods~6–8 GPa in the re-
sistance, 8–9 GPa in the Mo¨ssbauer, and;12 GPa in the
x-ray experiment! are probably due to different quasihydr
static conditions in the pressure cells. In the following w

FIG. 11. NpBi: Electrical resistance measured at 10 K~h! and
at 300 K ~d! vs pressure. The dotted line indicates the structu
transition as observed by previous high-pressure x-ray meas
ments~Refs. 19 and 30!.
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discuss the hyperfine interactions derived from the subsp
trum of the tetragonal phase at 9 GPa and 4.2 K~see Figs. 9
and 12, and Table I!.

Magnetic hyperfine field Bhf2 of site 2. When extrapolat-
ing the lattice parameters of the tetragonal phase at 12
~given in Ref. 27! to 9 GPa the Np-Np distance~330.6 pm! is
close to the Hill limit~325 pm! and an enhanced 5f hybrid-
ization and crystal-field interaction can partly quench the
dered moment. Indeed we find a strong reduction ofBhf by
;30% between theB1 and the tetragonal phase. This co
responds to a decrease of the moment from;2.5mB to
;1.7mB . In contrast, in theB1 phase both hybridization
and crystal-field interaction seem to play a minor role even
9 GPa, since the ordered moment and the quadrupole
pling constant are close to the values of the Np31 free-ion
configuration. Therefore the effect of quenching is ve
small up to 9 GPa in theB1 phase.

Electric quadrupole interaction(e2qQ)2 of site 2. In con-
trast to theB1 phase the electric-field gradientq2 in the
tetragonal phase is certainly not induced by magnetic or
This follows from the high coupling constant (e2qQ)2
'134 mm/s which is not compatible with a Np31 configu-
ration. The field gradient rather has to be attributed to
noncubic Np site symmetry in the tetragonal phase. The h
value of (e2qQ)2 can be due to a distortion of the surroun
ing 5f and 6d cloud driven by anisotropic hybridization.

Isomer shift S2 of site 2. The drastic drop of the isome
shift from 16.5~4! mm/s in theB1 phase to 7.4~4! mm/s in
the tetragonal structure originates from an increase of
electron densityr~0! at the Np nucleus by;18% of
Dr(0)Np31→41

with Dr(0)Np31→41
being the difference of

r~0! between the Np31 and Np41 configurations.26 A change

l
re-

FIG. 12. NpSb: Magnetic hyperfine fieldBhf , coupling constant
of the quadrupole interactione2qQ, and isomer shiftS relative to
NpAl2 plotted vs volume change. At the highest pressure~9 GPa!
two crystallographic phases can be identified, NaCl phase:s

(uDV/V0u50.104), tetragonal phase:n (uDV/V0u50.203).
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TABLE II. Volume coefficients of the magnetic ordering temperatureTord, the ordered magnetic momen
mord, and of the electron densityr~0! at the nucleus. The arrow indicates the increase of 5f delocalization
between NpCo2Si2 and NpOs2.

Compound d lnTord/2d lnV d lnmord/2d lnV 105 d lnr(0)/2d lnV

NpOs2
a 280.0 246.0 112.5 Delocalized

UNb 219 219
NpAl2

a 216.0 24.0 15.0
NpAs

a,c 21.3 20.8 14.2 ↑
NpSba,c 23.1 20.4 12.8
NpBic 20.7
NpGa3

d 16 20.1 12.6
NpCo2Si2

a 17.0 10.1 12.4 Localized

aReference 37.
bReference 38.
cThis work.
dReference 39.
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of r~0! with reduced volume can be caused by a variation
the electron density at the Np site withs andp1/2 symmetry
due to the following two effects: ~a! A variation of the
interatomic distance~without involving the 5f states!, e.g.,
by changing the overlap with the bonding orbitals of t
neighbor atoms. ~b! A variation of the screening of the
outers andp1/2 electrons by the 5f charge cloud, e.g., if the
5 f states hybridize.

The value ofS2 does not give a clear evidence in favor
against 5f delocalization, since besides thevolumethe crys-
tallographic structurechanges. With decreasing volume
the unit cell the overlap of the neighbor orbitals and con
quently r~0! is expected to increase as long as the cry
structure remains unchanged. This is observed in NpS
the B1 phase up to 9 GPa. However, it has been sho
previously that a pressure-induced phase transformation
companied by a volume collapse can lead to a decreas
r~0!, if the nearest-neighbor distance increases~e.g., in
ZnO!.32 As in NpSb at thestructural transition the nearest
neighbor distancedNp-Sb increases by;4%,27 it is possible
that mechanism~a! can contribute to a decrease or at leas
smaller increase ofr~0! than would be expected from th
volumechange alone.

Effect ~b! has been suggested to be important for so
actinide intermetallics,33,34 since 5f delocalization leads to a
loss of 5f spectral density in real space, i.e., the 5f wave
functions are more extended outside of the core regio35

This leads to a reduction ofmord or Bhf , and tends to enhanc
r~0!. Due to the strongly reduced magnetic hyperfine fi
Bhf we can expect that strong 5f hybridization in the tetrag-
onal phase raisesr~0!.

A comparison of the isomer shift versus volume curve
depicted in Fig. 12 with that of EuAl2 ~Ref. 36! shows that
both systems display a similar increase and curvature ofr~0!,
if the change of the isomer shift as a function of volume
calculated relative to the difference of the two charge sta
Np31, Np41 and Eu21, Eu31 respectively. In EuAl2 no phase
transformation appears and the 4f electrons remain in a lo
calized Eu21 configuration up to 50 GPa. Thereforef screen-
ing effects can be neglected and the increase ofr~0! is
mainly caused by an enhanced overlap of the neighbor o
als with reducedvolume. For NpSb we rather suggest that
f
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change of the overlap due to thestructural transition~a! and
an increase ofr~0! due to 5f delocalization~b! partly com-
pensate and that both effects play a major role.

C. Magnetic behavior under pressure

According to previous Mo¨ssbauer results performed o
NpAs up to 8.5 GPa, small 5f delocalization was suggeste
due to the decrease of the Ne´el temperature, the ordere
moment and the induced quadrupole interaction with redu
volume.18 The question arises whether magnetism is s
pressed at higher pressures. Furthermore, from the prev
resistance study on NpSb it was proposed that magnetic
der disappears above;8 GPa.17

Our resistance data on NpAs give evidence that mag
tism is present at least up to;16 GPa~see Sec. III A!. In
NpSb, the Mo¨ssbauer data obtained at 9 GPa clearly rev
the presence of magnetic order in the NaCl and in the tet
onal structure~see Figs. 9 and 12, and Sec. IV B!. In NpBi,
the signature of magnetism in the resistance behavio
present up to;16 GPa.

The systematics of the magnetic behavior under pres
can be extracted from Table II, where the volume coe
cients dlnmord/2d lnV, d lnTord/2d lnV, and d lnr(0)/
2d lnV are listed for the Np pnictides and other Np-bas
compounds. These volume dependencies allow the clas
cation of a given system in terms of 5f delocalization.40 UN
~Ref. 38! and NpOs2 ~Ref. 18! are typical representatives o
itinerant 5f systems whereas NpCo2Si2 is classified as
localized.18 The ordering temperature and the ordered m
ment of UN and NpOs2 strongly decrease under pressure
shown from the negative values ofd lnTord/2d lnV and
d lnmord/2d lnV. Furthermore, in NpOs2 the mord versus
volume curve displays a strong negative curvature.18 In
NpOs2 the high value of the coefficient of the electron de
sity r~0! at the Np nucleusd lnr(0)/2d lnV is characteristic
of a strong 5f delocalization.37 Furthermoremord is consid-
erably reduced relative to the free-ion value already at a
bient pressure. In contrast, in the localized system NpCo2Si2
r~0! and mord exhibit a small variation andTord increases
with reduced volume~Table II!.
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Due to the high values ofmord andTN at ambient pressure
and the comparatively small values of the volume coe
cients~see Table II! the behavior of the pnictides NpX is in
contrast to what is expected from a 5f band model.

Furthermore it is unlikely thatmord andTN are reduced by
Kondo interaction at elevated pressure. In this case an
crease of the slope of the logarithmic resistance anom
would be expected under pressure.41 In contrast, in NpSb and
NpBi the slope decreases under pressure and the ano
disappears above 2.7 GPa and 3 GPa, respectively. In N
the slope is nearly constant, i.e., shows no increase and
appears above 25 GPa.

For the pnictides of Np we rather suggest a model,
which the exchange between the magnetic moments is
diated by the conduction electrons through RKKY intera
tion. The parameters which usually enter into a calculation
the ordering temperature are the exchange integralJ5 f 2c be-
tween the localizedf shells and the conduction electrons, t
magnetic momentm, and the conduction band susceptibili
x. According to de Gennes,42 in a mean-field approximation
Tord scales with

Tord}xJ5 f 2c
2 m~m11!. ~1!

First we discuss if the variation ofJ5 f 2c and m with re-
duced volume can explain the decrease ofTN in NpX ne-
glecting the volume dependence ofx. The exchange integra
J5 f 2c is expected to increase under pressure,35,43 which
strengthens the indirect coupling between the 5f moments
according to Eq.~1! and raisesTord. At the same time pres
sure enhances 5f delocalization and reducesm, which weak-
ens magnetic order. For example this competition was
voked to explain the pressure behaviour of UTe, whereTord
increases at low pressures, shows a maximum at 7.5 GPa
decreases at higher pressures.35,44This example demonstrate
that Tord is decreased if the 5f delocalization is strong
enough. If we assume a dominant 5f 2p mixing in NpX
~Ref. 9! J5 f 2c scales withJ5 f 2c}1/V10/3.39 To overcompen-
sate the increase ofJ5 f 2c , m would have to decrease with
much higher power of the volume than observed in Np
and NpSb in order to match the linear decrease ofTord ~see
Fig. 13 and Ref. 8!. This suggests that a small 5f delocal-
ization cannot be the major mechanism which reducesTN in
NpX.

A phenomenological comparison gives further eviden
If we assume that in NpX and USb,28 the decrease ofTN is
driven by 5f delocalization, a stronger delocalization wou
be expected than in UTe or UAs, whereTord rises. Further-
more, in NpSb the 5f states should be more effectively d
localized than in NpAs, due to their higher volume coef
cient d lnTord/d lnV ~see Table II!. However, in a simple
picture, an increase of 5f localization is expected between
and Np compounds, e.g., UAs→NpAs and along the serie
NpAs→NpSb→NpBi or UAs→USb, i.e., with increasing ra
dius of the ligand atom in group V of the Periodic Table.45 A
comparison of the series NpAs→NpSb→NpBi in Table II
shows that the volume dependence of the ordered mom
~magnetic hyperfine field! is probably a more reliable param
eter for the degree of 5f delocalization thanTord. The or-
dered moment shows a weaker variation in NpSb than
NpAs, in agreement with the simple picture of 5f delocal-
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ization in NpX given above. Furthermore, in NpSb the qua
rupole coupling constant is nearly constant between amb
pressure and 9 GPa in theB1 phase giving no evidence fo
5 f delocalization. In contrast, in NpAsue2qQu is reduced at
8.5 GPa by;20%.8 A comparison of the derivatives ofr~0!
suggests as well a stronger degree of 5f delocalization in
NpAs than in NpSb.

Although the decrease of the ordered moment actu
indicates a small 5f delocalization in NpX, the decrease o
TN under pressure is more likely due to a reduction of
band susceptibilityx. This seems surprising, since the d
crease of the resistances under pressure~see Figs. 1–5! is
probably caused by an enhancement of the carrier den
For a free-electron gasx scales with the latter. Therefore i
this modelx is expected to rise with pressure. However, w
rather suggest thatx is weakenedby a pressure induced
change of the Fermi surface.

In a more realistic model the band susceptibilityx~q! as a
function of the reciprocal vectorq may be approximated by46

x~q!} (
nn8k

f nk2 f n8k2q

«n8~k2q!2«n~k!
, ~2!

where f nk is the Fermi-Dirac function and«n(k) the energy
of the bandn at the reciprocal vectork. It follows from Eq.
~2! that x(q) can diverge at certainq vectors. The resulting
peaks can be produced for example by the parallel or nes
regions at the Fermi surface.46 This effect was made respon
sible for the magnetic behavior of several metallic system
e.g., heavy rare-earth metals46 and Cr.47 The presence of
nesting regions was indeed assumed for NpAs from theo
ical considerations to explain the band gaps appearing a
onset of the 3k structure~see Sec. IV A!. It is consistent to
assume that nesting and its reduction under pressure c
several effects observed in our experiments: The decreas

FIG. 13. Néel temperaturesTN obtained from our resistance da
~d! for NpAs, NpSb~Ref. 17!, and NpBi and from Mo¨ssbauer data
~h! for NpAs ~Refs. 8 and 18! plotted vs volume change.
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Tord can be due to a decrease of the peaks ofx~q! at certain
q vectors~2!. The suppression of nesting may also expla
the disappearance of the band gaps at elevated pres
which results in the resistance collapse discussed in
IV A. Furthermore, a pressure-induced modification ofx(q)
can be responsible for changes of the magnetic struct
which are very sensitive tox(q).

V. CONCLUSIONS

Our data were discussed under three important asp
the changes of the magnetic phases, particularly thek
phase, the influence of the structural transition on 5f delo-
calization, and the magnetic behavior in terms of 5f delocal-
ization in the low-pressure NaCl phase.

The disappearance of the sharp upturn and the collaps
the resistance above 0.23 GPa~NpAs! and 2.7 GPa~NpSb!
in the temperature range of the 3k structure at ambient pres
sure indicates that the 3k phase is replaced by another ma
netic structure. Previous Mo¨ssbauer measurements on Np
and our new results on NpSb demonstrate thatmord shows no
significant reduction in the magnetic phases at high p
sures. These phases are consequently not identical with
collinear (4↑4↓) structure, which displays a smaller mo
ment. An investigation of these phases calls for a neutr
diffraction measurement under pressure, which in the cas
NpAs is at present technically feasible due to its low tran
tion pressure. This is of urgent importance since to
knowledge all pressure investigations carried out so far
actinide systems displaying a 3k structure, seem to sugge
that the 3k regime is weakened or even suppressed with
duced volume.28,48 Furthermore, high-pressure neutron i
vestigations on CeP and CeAs, where the upturn ofr(T)
disappears as well,49 may examine if the 3k structure disap-
pears also in these systems. If this is the case the que
arises whether this is a general rule for a certain group of
systems.

At the structural transformation of NpSb from the NaCl
re
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the tetragonal phase driven by external pressure, magne
is still present in the tetragonal regime. However, t
strongly reduced magnetic hyperfine field indicates an
hanced 5f delocalization. This can neither be confirmed n
disproved by the behavior of the isomer shift, since seve
contributions are expected and can partly compensate.
role which 5f delocalization really plays can be examined
theory, e.g., with a similar approach as recently applied
UTe to explain effects of 5f hybridization on magnetism.35

An understanding of the isomer shift demands fully relat
istic band-structure calculations, similar in type as applied
ZnO.32

We suggest that the pressure-induced decrease of the´el
temperature in the pnictides of Np is due to a Fermi surf
effect besides a small 5f delocalization. This can be exam
ined by a calculation of the band susceptibilityx„q… as a
function of volume reduction. Our results for NpAs an
NpBi give evidence that magnetic order persists at least u
16 GPa. The disappearance of the Kondo anomaly of
resistance in the paramagnetic range has also been fou
other systems of the light actinides, e.g., NpGa3 ~Ref. 39!
and UTe.44 The origin of this effect also remains to be in
vestigated by theory. In Ref. 9 a model of a magnetic polaro
liquid state has been suggested to explain the presence o
anomaly in some pnictides where the carrier density is
markably low due to their semimetallic state. In our case
elevated pressure the anomaly disappears although our r
tance data indicate an increase of the carrier density.
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