PHYSICAL REVIEW B VOLUME 56, NUMBER 22 1 DECEMBER 1997-II

Electrical resistance and magnetic properties of the neptunium monopnictides NpAs, NpSb,
and NpBi at high pressures

V. Ichas and S. Zwirner
European Commission, Joint Research Centre, Institute for Transuranium Elements, Postfach 2340, D-76125 Karlsruhe, Germany

D. Braithwaite
Departement de Recherche Fondamentale sur la Mat@ondense, SPSMS/LCP, CEA/Grenoble, 17 Rue des Martyrs,
38054 Grenoble Cedex 9, France

J. C. Spirlet and J. Rebizant
European Commission, Joint Research Centre, Institute for Transuranium Elements, Postfach 2340, D-76125 Karlsruhe, Germany

W. Potzel
Physik Department E-15, Technische Univetsiinchen, D-85747 Garching, Germany
(Received 26 February 1997

We report on high-pressure studies performed on the neptunium pnictides NpAs and NpBi via electrical
resistance up te- 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 usirf§’Np Mossbauer spectroscopy. This work extends previous high-pressure
studies carried out on NpAs via Msbauer spectroscopy, on NpSb via resistance, and on all pnictides via x-ray
study. In NpX (X=As,Sb,Bi) crystallizing in the cubic-NaCl phase the ground state is antiferromagnetic and
displays a noncollineark3spin structure. The strong increase of the resistivity with decreasing temperature
observed in the temperature range of ttkeoBder at ambient pressure collapses at GI2BAs), 2.7 (NpSh),
and 3.9 GPgNpBi). 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 GRpAS), 2.7 GPa(NpSh, and 3 GPaNpBi). The Nesl temperaturd 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 reductior-i®%. Although in the resistance of NpSh
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 by30% relative to the NaCl phase. It is suggested that the resistance collapse
is caused by a change of the magnetic structure, that the decre@gdasoflue to a modification of the Fermi
surface besides a smalf Slelocalization, and that in NpSh the volume reduction in the structural high-pressure
phase leads to an enhancefd delocalization[S0163-182897)03241-4

[. INTRODUCTION ment (~2.6ug) and electric quadrupole coupling constant
(—26——31 mm/s) at the Np nucleus are close to the theo-
The intermetallics of Ce and the light actinides U and Np retical value expected for a Nip free-ion statg2.57ug and
exhibit a broad range of electronic and magnetic behavior;- 27 mm/s, respective)y’® This seems to suggest that the
since in contrast to the classical rare-earth systems fhe 4effects of crystal-field splitting, 6 hybridization, or Kondo
(Ce) and 5 electrons(U, Np) hybridize with the conduction compensation are relatively small, although a considerable
band. This leads in most cases to a partial quenching of th&f-ligand p mixing is expected.The three systems are char-
ordered magnetic moment viaf 5delocalization, Kondo acterized as semimetals due to their low carrier density as
compensation, or crystal-field splitting. The Kondo compen-deduced from Hall-effect measuremérifs!tand their high
sation is caused by the antiferromagnetic exchange betweesmlues of the room-temperature resistivity, larger than 1
the f states and the conduction band driven bymQ cm. Interestingly a resistivity Kondo anomaly is ob-
hybridization! This often leads to an anomaly of the electri- served in the paramagnetic range.
cal resistivity, i.e., a logarithmic decrease with rising tem- The three systems displays an antiferromagnetic ground
perature, in the paramagnetic raridfe. state with a noncollineark3structure’=® Multi-k structures
The pnictides of neptunium Npdiscussed in the present are rarely found in systems where nd dr 5f electrons are
work (X=As,Sb,Bi) all crystallizing in the cubic-NaCl involved. They appear rather frequently in actinide
structure at ambient pressure behave in many respects sinempounds? It has been shown for NpAs that the onset of
larly and display some remarkable properties. Their orderinghe X structure is accompanied by a lattice expansion of
temperatures 173 Kfor NpAs), 200 K (NpSb), and 193.5 K ~0.4% 3 As in some other pnictides, e.g., C¥PCeAs!®
(NpBi) are comparatively highNeutron and Mesbauer ex- USb?® the onset of the B structure coincides with a sharp
periments revealed that in the ground state their ordered maspturn of the resistivity, which can be explained by a de-
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crease of the carrier density due to a change of the Fermi [ . l . T T
surface®® i i

In the Ce and U pnictides mentioned above the resistivity 6L NpAs
goes through a maximum below the transition temperature
Ty of the X structure and then decreases at 4.2 K to a value
below the room-temperature value. In contrast, in NpSb and
NpBi the resistivity displays no maximum and increases in-
stead drastically to more than 4@ cm and 150 2 cm,
respectively, at 1.3 K, resembling a semiconducting behav-
ior. The case of NpAs is intermediafg(T) displays a maxi-
mum belowT g, but the low-temperature value is about twice I
as large a®(300 K). I - /} \T

Recent high-pressure resistance measurements on NpSb 2r T Ty, Y 023GPal
revealed that the sharp upturn pfat T3, disappears above i
2.3 GP&!’ This was taken as a hint for the disappearance of
the X phase. Furthermore, between ambient pressure and
2.3 GPa T, decreases strongly with reduced volume
(d In Tg/—d In V=-3.1). The Kondo anomaly in the para-
magnetic range disappears above 2.7 GPa.

Pressure is an elegant way to tune certain model param- Temperature [K]
eters, e.g., the exchange interaction or the magnetic moment,
which allows one to compare their volume dependencies FIG. 1. NpAs: Resistance vs temperature curves at low pres-
with what is expected from predictions of theory or phenom-sures. The resistivity curve at ambient pressure taken from Refs. 11
enology in actinide research. From previous 9doauer ef- and 3 is shown in the inset. The arrows point to the magnetic
fect measurements on NpAs thk Bhase was suggested to trzfmsitions extrapolated from the ambient pressure resylis the.
persist in the ground state up te2.5 GPa and to coexist Neel temperatureT,;,, corresponds to the transition from_ th(_e in-
with a collinear 44/ structure at higher pressu@ Fur- commensurate to the cqmmensuraﬂelg structure, andr 5 indi-
thermore, the ordering temperature of NpAs decreases mofétes the onset to the triplestructure.
ilr(()eggitrc;?rnh, I?n I\II\IppSSbt; ::[5 Vgsﬁn%rgtggs\?v?t;h:tct:ﬁsE;?;gg 5d eing transition temperature of a thin Pb fdiembedded with

hybridization with reduced volume, which may lead to atheMs.amEIe. ¢ transmission exoeriments on the 60 keV
strong reduction of the magnetic moment. 055’233% ansmission expe 6415 0 N ke
rays of 2>’Np were carried out using &*Am metal source

Previous x-ray measurements revealed that all the thre bout 50 i The absorb d I hed
compounds NK undergo structural phase transformations a abou mOi The absorber was a powder sample crushe

. ; ingle crystal of NpSb. The powder was compressed
25-40, 10-18, and 8.5 GPa, respectiVélylhe previous from a sing ) . :
resistance results on NpSb seemed to indicate that magneg'_‘go a pellet of 4.5 mm diameter and 0.2 mm height with a

p (mem)

Resistance [Q]
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c 237, i
order disappears in the high-pressure phase and thatfthe |ckngss_ of-100 mg/cnd of **Np, and encapsulated in Al
electrons strongly delocaliZ. or radiation safety. The. Al capsu(® mm dlametgr, 0.7 mm
To extend the previous high-pressure work orXNgnd to height, 0.25 mm wall t_h|ckne$svas mc_)unted |n_S|de a high-
examine some of the suggestions described above we pet?[essure cell of the Bridgman type usiBgC anvils. The Al

formed high-pressure resistance measurements on NpAs aﬁapsme and a small amount of paraffin bet\_/vgen the gapsule
NpBi up to ~25GPa and Mssbauer measurements on and the anvils served as pressure transmitting media. The

NpSb up to 9 GPa. This allows us to investigate three im_rather large absorber area restricted the pressure range to

portant aspects, the changes of the magnetic phases, particT.l—9 '?P&tll -I;L]e pre§sture was det(_armlrledDw;thla be tr;r:gn;geter
larly the 3k phase, the influence of the structural transitionsg?;e?rhioh_ ?ersiilrseasnceect?zfneergre:ah bz ?éjng in ssef 22
on 5f delocalization, and the magnetic behavior in terms oib 9n-p P T

5f delocalization in the NaCl phase.
Ill. RESULTS

A. Resistance of NiX (X=As,Bi) and comparison to NpSbh
Il. EXPERIMENT . . .
Since the sample geometry is not precisely known, we use

In the resistance experiments thin platelets of NpAs andhe resistanceR rather than the specific resistivity to
NpBi of dimensions approximately 00.2x0.03mn?  present the data. The detailed resistance study of NpSb under
were cleaved from a larger single crystal, the growth ofpressure has been published in Ref. 17. In order to give a
which has been described elsewh&&he electrical resis- better overview we compare our new results on NpAs and
tance of the sample placed inside of a sintered diamond-anvilpBi with the data obtained previously for NpSbh. The resis-
device was determined by the four-probe method. We usethnce versus temperature curves under pressure are shown in
steatite as pressure transmitting medium providing quasi hyFigs. 1—3 for NpAs, in Fig. 4 for NpSb, and in Figs. 5 and 6
drostatic conditions. Successive cooling and heating cyclefor NpBi.
from 300 K down to 1.5 K were performed up to 25 GPa. The ambient pressure resistivities are plotted in the insets
The pressure was determinidsitu from the superconduct- of Figs. 1112423 and 53°respectively. For all compounds,
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perature at different pressures. The data are taken from Ref. 17. The
inset shows the ambient pressure resistivRef. 23. The arrow
points to the onset of magnetic order.
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FIG. 2. NpAs: Resistance vs temperature curiag$rom 2.2 up
to 9.3 GPa,(b) from 9.3 up to 27.3 GPa. The arrows indicate the
presumed magnetic order. The corresponding ordering temperatufe 140, 200, and 193.5 K, respectivglyhich in the case of
is extracted from the derivativiéR/d T as shown for one pressure in NpSb and NpBi even resembles a semiconducting behavior.

the inset of(a). In NpAs, a collinear 44| and an incommensurate magnetic
the high values of the resistivity at 1 bar and in the para- . ' L ' L
magnetic range% 1 m() cm) have been attributed to a semi- 1
metallic behaviof. Furthermore, a strong increase fap-
pears at the onset of thek3magnetic structurgat Tsy
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Temperature [K] FIG. 5. NpBi: Resistance shown in logarithmic scale vs tem-

perature at pressures up to 3.9 GPa. The inset displays the ambient
FIG. 3. NpAs: Hysteresis behavior of the kinks in the resistancepressure resistivity taken from Refs. 10 and 3. The arrows show the
vs temperature curve at 2.5 GPaee Secs. lll A and IVA onset of magnetic order.
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FIG. 6. NpBi: Resistance vs temperature curves between 3.9 and
22 GPa. The arrows point at the signature of magnetic order at high Pressure (GPa)
pressures. The corresponding ordering temperatures are extracted o B )
from the derivativedR/dT as shown in the inset for one pressure.  F!G. 7. Pressure variation of the dletlemperaturely obtained
The superconducting transition above 3.9 GPa and below 10 K i&om our resistance dat#®) for NpAs, NpSb(Ref. 17, and NpBi
due to traces of bismuth in the NpBi samjitee text and from Masbauer daté]) for NpAs (Ref. 18.

structure are present above 14 Khey are visible as two . .

small anomalies aff,;, =156 K and Ty=173K. In the <T<150 K) showmg a negative curvature. At several pres-

paramagnetic range, a logarithmic variation of the resistance!®S the km',( eXh'b't,S a strqng hystereg$ up to 18 K), .

is present in all compounds which is typical for a Kondo UPON decreasing and increasing temperature as shown_m Fig.

behavior. 3 for 2.5 GPa(see Sec. IV A The temperature of the kink
First we compare our results at the lowest pressures ifdecreases with increasing pressure and the kink disappears

vestigated with the previous measurements at 1 bar. All eabove 3 GPa. In NpSb the upturn is replaced by a sharp

sential qualitative features described above are also prese@¢crease oR(T) below 190 K. In NpBi, this upturn is still

at 0.2 GPa(NpAs), 0.7 GPa(NpSh, and 0.2 GPgNpBi).  present up to 16.2 GPa.

However, we observe already considerable gquantitative In NpBi, a striking feature is observed above 1 GPa and

changes. The ratioR, , «/R3gok are drastically reduced in below 10 K. The resistance displays a sharp decrease with

all compounds. An estimation of the specific resistivity reduced temperaturérigs. 5 and & Above 3.2 GPa, the

from the resistanc® shows that in the paramagnetic rangeresistance drops to zero, i.e., we observe a superconducting

the low- and ambient pressure resistivity values agree wellransition. The variation of this transition temperatdrgis

Consequently, the resistivity at 4.2 K is reduced by a factonot continuous as a function of pressufe. oscillates be-

of ~2 in NpAs, ~300 in NpSh, and~50 in NpBi. The tween~6 and~9 K above 4 GPa. This variation is almost

sharp upturn corresponding to the onset of then3agnetic identical to the variation of . with pressure in the different

structure occurs at lower temperatures, 136 K in NpAs, 19(olymorphic phases of bismuffiin addition, photoemission

K for NpSb, and 188.5 K for NpBi, i.eT5, decreases under measurements on a single crystal from the same batch re-

pressure. In NpAs the maximum of the resistance in tke 3 vealed the presence of metallic BiTherefore we believe

phase appears at 107 K in comparison to 123 K at ambierthat this superconducting transition is due to traces of Bi in

pressure. Furthermore, the &letemperature slightly de- our sample.

creases Ty=~170K), whereasT,;,; remains unchanged In Fig. 7 the Nel temperature$, are plotted versus pres-

within the experimental resolution. sure. Ty decreases with rising pressure in the three com-
As pressure is increased, in all compounds a collapse gfounds. In NpAs, the resistance anomaly at thelNem-

the low-temperature resistance is observed. This occurs gerature is rapidly lost under pressuifgig. 1). At several

0.23 GPa for NpA<gFig. 1), 2.7 GPa for NpSlfFig. 4), and  pressures above 5.7 GPa, however, an inflection ot a

3.9 GPa for NpBi(Fig. 5. In NpAs and NpSb, this effect is minimum of dR/dT) appears in th&®(T) curves(see arrows

even accompanied by a suppression of the signature of tHa Fig. 2. These inflection point$®, see Fig. Y coincide

3k magnetic order, i.e., the sharp upturn of the resistancewith the Nesl temperatures derived from Msbauer experi-

Instead, in NpAs a kink appearsatl20 K, i.e., between the ments(CJ) which were performed up te-8.4 GPa'® There-

low-temperature regimeT(<120 K) displaying a positive fore we suggest that the inflection poir(®) also giveTy

curvature ofR(T) and the high-temperature range (120 K above 8.4 GPa. We find th&}, decreases from-173 K at 1
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bar to 140 K at 15.9 GPa with a rate 6f3.0 K/GPa at low SN NN S S S —
pressures. Above 16 GPa, the minimum in the derivative is 59 b o8 & :
no longer present.

In NpSb, the Nel temperature was determined in the
pressure range up to 2.3 GPa where the sharp increase of
R(T) is present. The magnetic order appears as a minimum
in the curves of the derivativdR/dT.1’ Ty was found to
decrease at a rate 6f11.5 K/GPa(Fig. 7). Above 2.3 GPa,
it is difficult to determineTy but the decrease d® below
170 K is probably due to a magnetic transitidn.

In NpBi the signature of magnetic order is the same at
ambient and elevated pressure. We can therefore easily ex-
tract the Nel temperature from our resistance dafg.cor-
responds to a sharp minimum in the curves of the derivatives
dR/dT which disappears above 16 GRaset of Fig. 6. Ty
decreases at two different rates,1.02 K/GPa below 8.9
GPa and- 2.5 K/GPa above 8.9 GR¥ig. 7).

With further increase of pressure, the signature of magne-
tism disappears in NpSb above 8 GiRef. 17 and in NpBi
above 16 GP4Fig. 6) and theirR(T) curves exhibit a me-
tallic behavior. In contrast, in NpAs a decrease of the resis-
tance with decreasing temperature belewd50 K is still
present above-16 GPa and may be due to magnetic order
(Fig. 2.

The logarithmic Kondo anomaly found at ambient pres-
sure in the paramagnetic rangerogressively disappears
above 2.7 GPa in NpSb and 3 GPa in NpBi. In NpAs, how-
ever, the Kondo anomaly is present up+@5 GPa and dis-
appears at higher pressures.

In NpAs a minimum appears below 40 K at a few pres-
sures(Fig. 2). At present the origin of the latter feature is not
understood.

In NpAs and NpSb, the resistance in the paramagnetic
range decreases with increasing pressure. In contrast, the re-
sistance variation of NpBi as a function of pressure is more

complicated over the whole temperature rarigig. 6, see T T T T T
Sec. IVB. -200 -100 0 100 200

transmission (%)

velocity (mm/s)

B. Mossbauer spectroscopy on NpSb FIG. 8. NpSh: Masbauer spectra recorded at 4.2 K and selected

Figure 8 shows Mssbauer spectra recorded at 4.2 K atpressures.

selected pressures. The spectra measured between 1 bar and ) o . ]
4.2 GPa were fitted assuming a single Np site with a magSymmetry is cubic in the paramagnetic range, which leads to

netic hyperfine and a collinear axially symmetric quadrupole? Vanishing field gradient. However, magnetic order breaks
interaction. At 7.8 GPa an additional line broadening of theCUPic Symmetry at the site of the Np nuclei, i.e., a quantiza-
outer lines was taken into account which is proportional tolio" @xis is established, which induces a field gradient.

the magnetic splitting of the nucleus. At 9.0 GPa two sub- TN€ isomer shiftS displays a linear decrease up to 7.8
spectra were fittedsee below. The results of the measure- GPa(see Fig. 9with a normalized slope of (A/S'P" ~NP™)
ments at 4.2 K and for all pressures investigated are summatSdp=1x10"! GPal, where ASNPT =Np |S(Np**)

rized in Table I. The hyperfine parameters obtained at- S(Np**)|=50 mm/s is the difference i1 between the
ambient pressure are in agreement with the values obtaingdp®*" and Ng* configuration$®

in a previous Mesbauer studyThe pressure dependence of At 7.8 GPa fits assuming the same hyperfine pattern as at
the magnetic hyperfine fielBy, of the quadrupole interac- lower pressures did not show satisfactory agreement with the
tion e2qQ and of the isomer shifs is depicted in Fig. 9. The data, since the width of the inner lines of the spectrum are

following features are observed: considerably smaller compared to those of the outer lines.
Between ambient pressure and 7.8 GBj decreases Consequently an enhanced ratio of the amplitude of the inner
weakly by ~5%. to outer lines is observed. This hints to a small distribution of

In this pressure range the coupling constant of the electribiyperfine fields at high pressures.
quadrupole interactio®?qQ is nearly constant within the At 9.0 GPa(see Fig. 8 the hyperfine pattern displays
experimental errors. The field gradiest| is “induced” by  drastic deviations in comparison to lower pressures. A care-
magnetic order. In the NaCl structure of NpSb the Np siteful analysis unequivocally shows that two subspectra i.e.,
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TABLE I. NpSb Massbauer results at 4.2 K for various pressyse§he magnetic hyperfine fielB,;, the coupling constant of the
electric quadrupole interactiog?qQ, the isomer shifS, and the line widtH™ (full width at half maximun are listed. The isomer shift is
given relative to NpAJ. At 9.0 GPa the relative intensiti€RI) of the subspectra due to the Np sites 1 and 2 are listed. Since the outer lines
are broadened at 7.8 and 9.0 GPa, the values for the Widite omitted in these two cases.

p (GP3 Bri(T) e2qQ (mm/9 S (mm/9 I' (mm/sg RI (%)

0.0 5592) —29(1) 22.52) 2.7(1)

1.92) 552(2) —29(1) 20.92) 3.82)

2.702) 5492) —-28(1) 20.72) 3.5(4)

4.212) 5452) —29(1) 19.72) 4.04)

7.803) 530(3) —-28(2) 16.84)

9.03) Site 1 5274) —28(3) 16.%4) 52(5)
Site 2 35%4) +34(3) 7.44) 48(5)

two different Np sites are present. Site 1 can be identified IV. DISCUSSION

with the structural and probably magnetic phase present at
7.8 GPa. At site 2By, is drastically reduced by more than
30% (see Table ), the quadrupole coupling constant
(e?qQ), even shows opposite sign, and the isomer $ifs In the pnictides of Np the onset of the noncollinede 3
reduced by~9 mm/s relative tdS;. The latter effect corre- phase is accompanied by two features in the resistivity at
sponds toAS/ASN NP <1805, As discussed in Sec. ambient pressure. At the transition temperatiig, the re-
IV B, these striking effects are due to a sluggish structurafistivity displays a sharp upturn with decreasing temperature
phase transformation which was found previofélyThe — (see Insets of FI1958. 1, 4, angl Which also has been observed
relative intensities of the two subspectra 1 and 2 are close ) CeP,” CeAs,” and USb(Ref. 16 and which therefore
1-1. seems to be a fingerprint of this structdra contrast to the
We emphasize that at 7.8 GPa our analysis excludes tHe€ Systems, in the actinide pnictidegT) increases far
onset of a structural phase transformation. A second Np sitBbove the room-temperature values beldy . The most
displaying strong deviations of the hyperfine interactions cafémarkable pressure effect in NpAs, NpSb, and NpBi is the
be ruled out within the experimental accuracy, in contrast t¢ollapse of the low-temperature resistance which occurs at
the situation at 9 GPa. The line broadening is probably duécreasingly high pressures within the ser{es23 GPa for

to a change of the spin arrangemé¢sege Sec. IV B NpAs, 2.7 GPa for NpSb, and 3.9 GPa for NpBnh NpAs
and NpSb this is even accompanied by the suppression of the

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

AL B o e e sharp upturn of the resistance at the onset of thendgnetic
8501 00T order whereas this feature is still present in NpBi up to 16.2
= 5004 : - GPa.
T 4504 o site 1 L For an interpretation of the resistance collapse under pres-
o 4004 o site 2 | sure it is crucial to understand the mechanism which gives
: rise to the enormous increase of the resistivity in the 3
%02 " = phase at ambient pressure. According to Kasetal,, the
404 & C onset of the & structure reduces the number of carriers at
>~ 504 : L the nesting regions of the Fermi surfacEor this reason the
E ol i carrier number and consequently the electrical conductivity
~ i L is highly sensitive to the presence of thi 8tructure. The
AR PN A | collapse of the low-temperature resistance indicates a dra-
"o -40- - matic increase of the carrier number. This suggests (ihat
o T T T T either the X structure disappears under pressure at 0.23 GPa
) & in NpAs, 2.7 GPa in NpSb, and 3.9 GPa in NpBi) or the
~ 204 T%- - X X .
g T e o Ferml surface dras'tlcally changes under pressure without af-
g 151 ST fecting the magnetic structure.
~ 10 : L As it is known that in NpAs the onset of thek3tructure
“ Npsb i at ambient pressure is connected with a lattice expansion of
>z — ~0.4% 3 its suppression with reduced volume can be ex-
0 2 4 6 8 10 12 pected(0.23 GPa corresponds #V/V,~0.3%). Further-
p (GPa) more in all pnictides of U and Np displaying & 3tructure,

Ta decreases under presstité’ Consequently the applica-
FIG. 9. NpSh: Pressure dependencies of the magnetic hyperfifdon of pressure weakens the interactions which are respon-
field By, the coupling constant of the induced quadrupole interacSible for this structure. Thus, taklng the resistance data alone,
tion €2qQ, and the isomer shif6 relative to NpA}. At the highest @ magnetic phase transformatiGnis very likely.
pressure two Np sites can be distinguished, Np sit®,INp site 2: In the following we discuss our resistance data on NpAs
A. within a preliminary phase diagram suggested from previous
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T T T T that the & phase is present at least up to 8.5 GPa in contrast
Ty to hypothesis(i). However, we emphasize that at present
200 F Ty - only thesizeof wqqis known, whereas the magnestruc-
paramagnetic . T, ture still needs to be investigated at elevated pressure by
neutron diffraction.
o ® As described in Sec. Il A the sharp rise of the resistance
modul incom. .. ® collapses above 0.2 GPa. Instead a kink occurs in the pres-
o T es. o sure range of 0.23-3 GPa and at temperatures below 150 K.
150 - 4+4- coll. * The temperatures where the kink appe@rs are plotted in
" Fig. 10. The kink represents probably the transition between
the “Byr” phase at low-temperature and a high-temperature
5 NpAs phase “?” which is unknown. This is consistent with the
proposed diagram of Ref. 18. The strong hysteresis of the
9 kink upon increasing and decreasing temperatsee Fig. 3
100 & i gives evidence for a first-order transition. Furthermore the
e strong hysteresis may be taken as a hint that the magnetic
: structure is changed above 0.23 GPa, since at ambient pres-
......................... sure and at 0.2 GPa the hysteresis is much smaller. The tem-
perature of the kinK[J) decreases with increasing pressure
and disappears above 3 GPa, roughly in the pressure range
where the second hyperfine fieR};, occurs in the Mes-
w1+ B bauer spectra. Consequently a transition between different
magnetic phases is not visible in our resistance curves in this
pressure range, as is expected from Ref. 18.

T (K)

" "
ht1 B

0k ) \ . ) . 4 2. Pressure-induced phases in NpSb and NpBi

0 2 4 6 8 In NpSb the upturn is even replaced by a sharp decrease
P (GPa) of the resistance at pressurps2.7 GPa(Fig. 4). Thus a
substitution of the B phase is very likely as well. Neither the
FIG. 10. NpAs: Proposed magnetic phase diagtsee also Ref. ordered moment noe?qQ is significantly changed in the
18). The behavior at ambient pressure is well establisfiref. 4 high pressure structure which probably excludes {at /4
but the volume dependence must be considered to be tentative. Thgase.
Neel temperatur¢®) at elevated pressure is obtained from previous | NpBi the upturn is still observed up to 16 GPa. It is

Mossbauer(Refs. 8 and 1Band our resistance datg. The phasespossible that thek3phase is present up to 5.3 GPa. However,
Br”, " Bpnt Bry” and 27 denote unknown high-pressure e e out its presence at higher pressures, where the crys-

phases. In B+ B’ two magnetic hyperfine fields were ob- tallo : : :
" . i graphic structure is tetragon@ee Sec. IV Band is not
0, . . .
served. The fieldBy, is reduced by~10% relative toB (Ref. compatible with a B magnetic order.

18). It is suggested that the temperatufggy ((J) coincide with the

magnetic transition temperatures of phase “?” tBy; .” N
B. Structural transitions

high-pressure Mssbauer measuremenfs The pressure- High-pressure x-ray measurements at room temperature
induced magnetic structures in NpSh and NpBi are discussesh the pnictides NpX X=As,Sb,Bi) have revealed crystal-
within our results further below. lographic phase transformations from the cubic NaB1)
to cubic CsCl B2) structure in NpAs and to a distorted
1. Magnetic phases of NpAs (tetragonal CsCl structure in NpSb and Np&i.In NpAs

The phase diagram proposed in Refs. 18 and 8 is depict&f‘d NpSb the transitions are sluggish and occur i'n a wide
in Fig. 10 with slight modifications suggested by our resis-Pressure range, between 25-40 and 1018 ?Pa, with volume
tance study. According to Refs. 18 and 8 it was shown that t0mpressions of 9 and 11.5 %, respectn?@lf/. In NpBi a
low pressures up to 2.5 GPa and at 4.2 K, i.e., in the ranggudden transformation appears-a8.5 GPa with a compres-
where the resistance collaps&s, ande?qQ display no sig-  Sion of 12%.” ”Smc.e structural trans_ltlons can be accom-
nificant changes. The phase denoted &, in Fig. 10 pamed by m_odlflcatlons of_ the Ferm_l _SL_lrface and of mag-
was tentatively identified as the noncollineak phase, Netic properties, changes in the resistivity are expected. In
which is already present at ambient pressure. Above 2.5 cpPhe following we discuss t.he features observed in the resis-
the Massbauer spectra reveal a coexistence of two magnetf@NCe measurements, which can be correlated to the phase
hyperfine fieldsBy;; and By,. By, is reduced by~109%  transformation.
relative toBy; . Note that at ambient pressure andTaj
=138 K, By is reduced in the collinear 4| phase by
~10% relative to the I8 phase as well. It was suggested that In NpAs the transition pressure is possibly too high to be
in the “Bys+ Bpe” regime (see Fig. 10the X and 414 observed in our resistance measurement. The only striking
structures coexist, since a modulated structure seems to ledfect is the disappearance of the logarithmic Kondo
unlikely due to the intensities of the two fielll@his implies  anomaly at 27.3 GPpsee Fig. #b)]. For NpSb, an anoma-

1. Features in the resistance
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FIG. 11. NpBi: Electrical resistance measured at 1(CK and E 15+ B s r
at 300 K (@) vs pressure. The dotted line indicates the structural ~ 40 ~Oso L
transition as observed by previous high-pressure x-ray measure- v NpSb h
ments(Refs. 19 and 30 52=| : : : _F
0.00 0.10 0.20
lous behavior of the resistance versus pressure curves at 4.2 |AV /V,|
K and at room temperature between 5 and 8 GPa has been . o .
attributed to the structural phase transformatibfihe signa- FIG. 12. NpSb: Magnetic hyperfine fiek}, coupling constant

ture of magnetic order disappears in the high-pressure phasd. the quadrupole interactioe?qQ, and isomer shif§ relative to
Surprisingly the pressure range of the transition is lower that{f”op"2 p"i“ﬁd VS ‘;](_)lumﬁ change. A:) th?dh'%.rfs(; p'r\les(s:(?rﬁzg _
found for x-ray measurements. The different transition pres—TVA()V/C\r/nyooféj? It(étrz ?anzsl Chzr; ﬁeq AI\?/Q/I |'e_ 0 20%) phase:
sures were explained by different quasihydrostatic conditiong o ' g P o '
g]n;hioh:gg-r%r%?stltjerzz S/glgﬁ':sogrgssladrtehﬁwrgzé?ln_czz iant Sggbdiscuss the hyperfine interactions derived from the subspec-

| in th f the struct trum of the tetragonal phase at 9 GPa and 4.&é&e Figs. 9
an anomaly appears in the pressure range of the structurgl 415 50 Table)l

transition(between 4 and 10 GPaAt both temperatures the Magnetic hyperfine field & of site 2 When extrapolat-

resistance suddenly rises with increasing pressure. In the te- .
tragonal phase above 10 GPa the resistance Starts to ng the lattice parameters of the tetragonal phase at 12 GPa

crease. The signature of magnetic order remains unchan jiven in Ref. 2] to 9 GPa the Np-Np distanc830.6 pn) is
) : 9 9 : 9%ose to the Hill limit(325 pm and an enhancedf5ybrid-
in the R(T) curve, whereas the negative slopeTgfy as a

; . : . ization and crystal-field interaction can partly quench the or-
function of pressure is enhanced as depicted as depicted Msred moment. Indeed we find a strong reductioBgfby

Fig. 7. ano . .
Since similar structural transitions appear in alkali halides 30% between th&1 and the tetragonal phase. This cor

responds to a decrease of the moment frer2.5ug to
NaC—CsCl) (Ref. 3) and LaSb (NaCktetragonal struc- ) B
'Eure ;t) 10 G)P(a Witmji//V0~10%) (19 they are (g:]ertainly not ~1.7ug. In contrast, in theB1 phase both hybridization

driven by 5 hybridization. However, the transition may af- and crystal-field interaction seem to play a minor role even at

fect the § electrons. This is observed indeed in our ddo 9 .GPa, since the ordered moment and the quadrupple cou-
pling constant are close to the values of the*Nfree-ion

bauer study of NpSb at 9 GPa. . . A
configuration. Therefore the effect of quenching is very

_ small up to 9 GPa in th81 phase.

2. Features in the Masbauer results of NpSb Electric quadrupole interactiokie®qQ), of site 2 In con-

The relative intensities€50%) of the subspectra of sites rast to theB1 phase the electric-field gradieqt in the
1 and 2(see Sec. Ill B suggest that at 9 GPa ti&l and tet_ragonal phase is certamly not md_uced by magnetic order.
tetragonal phase coexist with approximately the samd Nis follows from the high coupling _constantez(q(_))z
weight. According to the resistance measurements of Ref. 17 T34 mm/s which is not compatible with a Rl*pconﬁgu-
the presence of the tetragonal phase would be expected 4ation. '_I'he f|e_ld gradient ra}ther has to be attributed to the
ready at 7.8 GPa which, however, is ruled out by ouskto noncubic l\zlp site symmetry in the t.etrag-onal phase. The high
bauer results within the experimental resolution. The distri-value of €°qQ), can be due to a distortion of the surround-
bution of magnetic hyperfine fields observed at 7.8 GPdng 5f and & cloud driven by anisotropic hybridization.
suggests that the resistance is modified by both the structural |somer shift $ of site 2 The drastic drop of the isomer
and magnetic changes. Furthermore the different transitiofhift from 16.84) mm/s in theB1 phase to 7.4) mm/s in
pressures found with different methot&-8 GPa in the re- the tetragonal structure originates from an increase of the
sistance, 8—9 GPa in the Msbauer, and-12 GPa in the electron%dgysityp(O) at the Np nucleus by~18% of
X-ray experimentare probably due to different quasihydro- Ap(0)NP " with Ap(0)N" " being the difference of
static conditions in the pressure cells. In the following wep(0) between the Np™ and Ng* configuration® A change
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TABLE II. Volume coefficients of the magnetic ordering temperafligg, the ordered magnetic moment
Mord,» @nd of the electron densify(0) at the nucleus. The arrow indicates the increasefofl&ocalization
between NpCg5i, and NpOs.

Compound d InTyq/—d InV d Ingg/ —d InV 10° d Inp(0)/—d InV

NpOs? —80.0 —46.0 +12.5 Delocalized
UNP -19 -19

NpAI,2 -16.0 -4.0 +5.0

NpAZ© -1.3 -0.8 +4.2 T
NpSi+© -3.1 -04 +2.8

NpBi° -0.7

NpGa? +6 -0.1 +2.6

NpCo,Si,? +7.0 +0.1 +2.4 Localized

%Reference 37.
bReference 38.
“This work.

dreference 39.

of p(0) with reduced volume can be caused by a variation ochange of the overlap due to teructuraltransition(a) and
the electron density at the Np site wishandp,, symmetry  an increase o0p(0) due to & delocalization(b) partly com-
due to the following two effects: (a) A variation of the pensate and that both effects play a major role.
interatomic distancéwithout involving the 5 states, e.g.,
by changing the overlap with the bonding orbitals of the
neighbor atoms. (b) A variation of the screening of the C. Magnetic behavior under pressure
outers andpy, electrons by the bcharge cloud, e.g., if the
5f states hybridize.

The value ofS, does not give a clear evidence in favor or
against 3 delocalization, since besides thielumethe crys-

According to previous Mssbauer results performed on
NpAs up to 8.5 GPa, smallfsdelocalization was suggested
due to the decrease of the &letemperature, the ordered

tallographic structurechanges. With decreasing volume of moment and the induced quadrupole interaction with reduced

the unit cell the overlap of the neighbor orbitals and conseYolume:® The question arises whether magnetism is sup-

quently p(0) is expected to increase as long as the crystaPre_Ssed at higher pressures. Furthermore, from the previous

structure remains unchanged. This is observed in NpSb ifgsistance study on NpSb it was proposed that magnetic or-

the B1 phase up to 9 GPa. However, it has been showsler disappears above8 GPal’

previously that a pressure-induced phase transformation ac- Our resistance data on NpAs give evidence that magne-

companied by a volume collapse can lead to a decrease &8m is present at least up to 16 GPa(see Sec. Il A. In

p(0), if the nearest-neighbor distance increagesgy., in  NpSb, the M@sbauer data obtained at 9 GPa clearly reveal

Zn0).*2 As in NpShb at thestructural transition the nearest- the presence of magnetic order in the NaCl and in the tetrag-

neighbor distancely,.sp increases by-4% %’ it is possible ~ onal structuresee Figs. 9 and 12, and Sec. IV.Bn NpBi,

that mechanisnfa) can contribute to a decrease or at least &he signature of magnetism in the resistance behavior is

smaller increase op(0) than would be expected from the present up to~16 GPa.

volumechange alone. The systematics of the magnetic behavior under pressure
Effect (b) has been suggested to be important for some&an be extracted from Table Il, where the volume coeffi-

actinide intermetallicd33*since 5 delocalization leads to a cients dinuqg/—d InV, d InT,q/—d InV, and d Inp(0)/

loss of 5 spectral density in real space, i.e., the wave —dInV are listed for the Np pnictides and other Np-based

functions are more extended outside of the core region. compounds. These volume dependencies allow the classifi-

This leads to a reduction @f,4or B;, and tends to enhance cation of a given system in terms of Selocalizatiorf® UN

p(0). Due to the strongly reduced magnetic hyperfine field(Ref. 3§ and NpOs (Ref. 1§ are typical representatives of

B, we can expect that strongf Hiybridization in the tetrag- itinerant 5 systems whereas NpgSi, is classified as

onal phase raises(0). localized'® The ordering temperature and the ordered mo-
A comparison of the isomer shift versus volume curve agnent of UN and NpOsstrongly decrease under pressure as

depicted in Fig. 12 with that of EuAl(Ref. 36 shows that shown from the negative values of InTy4/—d InV and

both systems display a similar increase and curvatupg®f  d Inuyq/ —d InV. Furthermore, in NpQsthe uqq versus

if the change of the isomer shift as a function of volume isvolume curve displays a strong negative curvatfirén

calculated relative to the difference of the two charge statedlpOs the high value of the coefficient of the electron den-

Np®*, Np** and EG*, EU*" respectively. In EuAIno phase  sity p(0) at the Np nucleusl Inp(0)/—d InV is characteristic

transformation appears and thé dlectrons remain in a lo- of a strong 5 delocalizatior?’ Furthermoreu,q is consid-

calized EG" configuration up to 50 GPa. Therefdrescreen- erably reduced relative to the free-ion value already at am-

ing effects can be neglected and the increase(6§ is  bient pressure. In contrast, in the localized system NSGo

mainly caused by an enhanced overlap of the neighbor orbite(0) and w4 exhibit a small variation and 4 increases

als with reducedolume For NpSb we rather suggest that a with reduced volumédTable 1I).
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Due to the high values gi 4 andTy at ambient pressure . T
and the comparatively small values of the volume coeffi- 175 f%‘j MoBbauer
cients(see Table Il the behavior of the pnictides Npis in Eg ®  Resistivity
contrast to what is expected from d band model. -

Furthermore it is unlikely that,,q andTy are reduced by 150 ¢
Kondo interaction at elevated pressure. In this case an in-
crease of the slope of the logarithmic resistance anomaly
would be expected under pressftén contrast, in NpSb and
NpBi the slope decreases under pressure and the anomaly
disappears above 2.7 GPa and 3 GPa, respectively. In NpAs
the slope is nearly constant, i.e., shows no increase and dis-
appears above 25 GPa.

For the pnictides of Np we rather suggest a model, in
which the exchange between the magnetic moments is me-
diated by the conduction electrons through RKKY interac-
tion. The parameters which usually enter into a calculation of _l”Q.Q._ \
the ordering temperature are the exchange intelyfal. be- : ‘0.
tween the localized shells and the conduction electrons, the 75T |
magnetic momeng, and the conduction band susceptibility L o ®
x. According to de Genné¥,in a mean-field approximation 0.0 0.1 02
Torg SCales with

]

LN NpAs

2004 .
y NpSb

175 @ .

Ordering Temperature (K)
Cd

200 F NpBi i

AVIV,
2
Tord XJ51-cu{pt+1). (1) FIG. 13. Nesl temperature¥, obtained from our resistance data
(@) for NpAs, NpSh(Ref. 17, and NpBi and from Mesbauer data

First we discuss if the variation afs; . and u with re- (1) for NpAs (Refs. 8 and 1Bplotted vs volume change.

duced volume can explain the decreaseTqfin NpX ne-
glecting the volume dependence ypfThe exchange integral
Jsi_c is expected to increase under pressif€, which
strengthens the indirect coupling between thferBoments

ization in NpX given above. Furthermore, in NpSb the quad-
rupole coupling constant is nearly constant between ambient
. . ) pressure and 9 GPa in tii&l phase giving no evidence for
according to Eq(1) and raisedl orq. At the same time pres-  g¢ yo)qcalization. In contrast, in NpA®2qQ)| is reduced at

sure enhanc_esdeeIocallzanon and ret_jucea Wh'(.:h weak- 8.5 GPa by~20% 8 A comparison of the derivatives pf0)
ens magnetic order. For example this competition was in-

voked to explain the pressure behaviour of UTe, whEjg SNL(;,%Se frtlznaisnvl\iﬁ)llsg stronger degree fdelocalization in
increases at low pressures, shows a maximum at 7.5 GPa an Although the decrease of the ordered moment actually

decreases at higher pressufe§iThis example demonstrates indicates a small 6 delocalization in N, the decrease of

that Tery is decreased if the '5 delocahza_tlpn IS strong Ty under pressure is more likely due to a reduction of the
enough. If we assume a dom'”ar}f),fg% mixing in NpX— pang susceptibilityy. This seems surprising, since the de-
(Ref. 9 Jsf—c scales withlss—cx LVE™ To OVErcompen- . aase of the resistances under presgsee Figs. 1-bis
sate the_ increase dky_c, 4 would have to decrease_wnh a probably caused by an enhancement of the carrier density.
much hlghgr power of the volum.e than observed in NpASFor a free-electron gag scales with the latter. Therefore in
and NpSb in order to maich the linear decreasd@ &f (see this modely is expected to rise with pressure. However, we

.Fig.. 13 and Ref. B This ;uggests that a S’T‘a" ﬁielocgl- rather suggest thay is weakenedby a pressure induced
ization cannot be the major mechanism which reduigen change of the Fermi surface.
In a more realistic model the band susceptibijfy) as a

A phenomenological comparison gives further evidence¢nction of the reciprocal vectar may be approximated BY

If we assume that in Np and USH?® the decrease of is
driven by 5 delocalization, a stronger delocalization would fok— frrk—q

be expected than in UTe or UAs, whefgq rises. Further- NCIEDS o (k=) —2n(K)’ 2

more, in NpSb the & states should be more effectively de- nnk =0 "

localized than in NpAs, due to their higher volume coeffi- wheref, is the Fermi-Dirac function and, (k) the energy
cient d InT,4/d InV (see Table ). However, in a simple of the bandn at the reciprocal vectdk. It follows from Eq.
picture, an increase offdocalization is expected between U (2) that y(q) can diverge at certaiq vectors. The resulting

and Np compounds, e.g., UAsNpAs and along the series peaks can be produced for example by the parallel or nesting
NpAs—NpSb—NpBi or UAs—USDb, i.e., with increasing ra- regions at the Fermi surfaé®This effect was made respon-
dius of the ligand atom in group V of the Periodic Tafled  sible for the magnetic behavior of several metallic systems,
comparison of the series NpAsNpSb—NpBi in Table Il e.g., heavy rare-earth metdlsand Cr¥’ The presence of
shows that the volume dependence of the ordered momenesting regions was indeed assumed for NpAs from theoret-
(magnetic hyperfine fie)ds probably a more reliable param- ical considerations to explain the band gaps appearing at the
eter for the degree of fodelocalization tharT,,4. The or-  onset of the & structure(see Sec. IV A It is consistent to
dered moment shows a weaker variation in NpSb than iassume that nesting and its reduction under pressure cause
NpAs, in agreement with the simple picture of Belocal- several effects observed in our experiments: The decrease of




56 ELECTRICAL RESISTANCE AND MAGNETC . .. 14 491

Torg Can be due to a decrease of the peakg(qgi at certain  the tetragonal phase driven by external pressure, magnetism
q vectors(2). The suppression of nesting may also explainis still present in the tetragonal regime. However, the
the disappearance of the band gaps at elevated pressus&ongly reduced magnetic hyperfine field indicates an en-
which results in the resistance collapse discussed in Sebanced $ delocalization. This can neither be confirmed nor
IV A. Furthermore, a pressure-induced modificationy¢é) disproved by the behavior of the isomer shift, since several
can be responsible for changes of the magnetic structuré®ntributions are expected and can partly compensate. The

which are very sensitive tg(q). role which 5 delocalization really plays can be examined by
theory, e.g., with a similar approach as recently applied to
V. CONCLUSIONS UTe to explain effects of 6 hybridization on magnetisrir.

_ _ An understanding of the isomer shift demands fully relativ-
Our data were discussed under three important aspectgtic band-structure calculations, similar in type as applied to
the changes of the magnetic phases, particularly tke 3zn032

phase, the influence of the structural transition dnoglo- We suggest that the pressure-induced decrease of e Ne
calization, and the magnetic behavior in terms bfdglocal-  temperature in the pnictides of Np is due to a Fermi surface
ization in the low-pressure NaCl phase. effect besides a smallfSdelocalization. This can be exam-

The disappearance of the sharp upturn and the collapse @fed by a calculation of the band susceptibilifyq) as a
the resistance above 0.23 GRpAs) and 2.7 GPANpSH  function of volume reduction. Our results for NpAs and
in the temperature range of thé 3tructure at ambient pres- NpBi give evidence that magnetic order persists at least up to
sure indicates that thek3ohase is replaced by another mag- 16 GPa. The disappearance of the Kondo anomaly of the
netic structure. Previous Msbauer measurements on NpAsresistance in the paramagnetic range has also been found in
and our new results on NpSb demonstrate thajshows no  other systems of the light actinides, e.g., NgGRef. 39
significant reduction in the magnetic phases at high presand UTe?* The origin of this effect also remains to be in-
sures. These phases are consequently not identical with tRestigated by theory. In Re® a model of a magnetic polaron
collinear (474]) structure, which displays a smaller mo- liquid state has been suggested to explain the presence of the
ment. An investigation of these phases calls for a neutronanomaly in some pnictides where the carrier density is re-
diffraction measurement under pressure, which in the case eharkably low due to their semimetallic state. In our case, at
NpAs is at present technically feasible due to its low transi-elevated pressure the anomaly disappears although our resis-
tion pressure. This is of urgent importance since to outance data indicate an increase of the carrier density.
knowledge all pressure investigations carried out so far on
actinide systems c!lsplaylng & Jtructure, seem to suggest ACKNOWLEDGMENTS
that the & regime is weakened or even suppressed with re-
duced volumé&®® Furthermore, high-pressure neutron in- It is a pleasure to thank M. S. S. Brooks, J. P. Sanchez,
vestigations on CeP and CeAs, where the upturmp@f) and G. H. Lander for stimulating discussions. The high-
disappears as welf,may examine if the I8 structure disap- purity Np metal required for the fabrication of NpAs, NpSb,
pears also in these systems. If this is the case the questi@amd NpBi was made available in the framework of a collabo-
arises whether this is a general rule for a certain group of ration with the Lawrence Livermore and Los Alamos Na-
systems. tional Laboratories and the U.S. Department of Energy. Sup-
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