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High-pressure studies on NpGa3 were performed using
237Np Mössbauer spectroscopy, resistivity measure-

ments, and x-ray diffraction, up to 9.2 GPa between 1.3 and 130 K, up to 25 GPa between 1.3 K and room
temperature, and up to 40 GPa at room temperature, respectively. The cubic AuCu3 crystal structure at ambient
pressure is preserved up to 40 GPa. The bulk modulusB0 is 75~2! GPa with B0856(2). NpGa3 orders
antiferromagnetically at ambient pressure atTN567 K. The magnetic ordering temperature increases up to
;200 K at 25 GPa. At 51 K and at ambient pressure a first-order antiferro- to ferromagnetic~AF-F! transition
occurs with a sudden reduction of the magnetic hyperfine fieldBhf by ;15% when entering the AF phase. At
elevated pressure this transition is no longer observed. At 4.2 KBhf , the value of the electric quadrupole
coupling constantue2qQu and the isomer shiftS slightly but continuously decrease with reduced volume.
AboveTN a negative logarithmic resistivity slopedr/d ln T,0 is present at ambient pressure and disappears
at 3 GPa. The slight decrease ofBhf at 4.2 K, the variation ofe

2qQ andS with pressure, and the suppression
of dr/d ln T at ;3 GPa indicate 5f electron delocalization. This delocalization, however, is much less pro-
nounced than in band magnets, as, e.g., in NpOs2. A magnetic phase diagram is suggested that consistently
explains the pressure variation ofr, Bhf andTord. We discuss the properties of NpGa3 in terms of the Kondo
interaction and the Doniach phase diagram, and alternatively, within a model which includes 5f electron
delocalization effects. This second model seems to be promising.@S0163-1829~96!05241-1#

I. INTRODUCTION

The intermetallic compounds of the light actinides exhibit
a wide variety of physical, especially magnetic, properties.
The latter cover, for example, localized 5f magnetism, cor-
related 5f electron behavior, superconductivity and Pauli
paramagnetism.1 The UX3 and NpX3 compounds~X5Al,
Ga, In, Tl, Si, Ge, Sn, Pb!, all crystallizing in the AuCu3
structure, provide an excellent possibility for an investigation
of systematic changes in 5f electron structure.2–6 For ex-
ample, USi3, UAl3, and UGe3 are Pauli paramagnets.2,3

USn3 exhibits strong spin fluctuations.7 UIn3, UTl3, and
UPb3 show features typical for localized systems, whereas

UGa3 rather behaves like an ordered band magnet.
3 It is less

clear, however, which general model applies to describe the
various electronic features of the NpX3 compounds. For ex-
ample, NpSn3 was initially described as an itinerant system
with a high density of 5f electrons at the Fermi level. This
appeared to follow from susceptibility and specific-heat mea-
surements, from the small ordered magnetic momentmord of
0.3mB ~compared to a free ion value of 2.6mB!, the low or-
dering temperatureTord of 9.5 K, and from band-structure
calculations.8,9 Unexpectedly, NpSn3 behaves like many lo-
calized systems under pressure, i.e.,Tord rises strongly with
reduced volume whereasmord varies only slightly.10,11 To
explain the pressure behavior typical for a localizedf elec-
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tron structure it was suggested thatmord is partially sup-
pressed by Kondo interaction~‘‘Kondo compensation’’!
rather than by 5f delocalization. At high temperature such a
behavior is often connected with a Kondo anomaly of the
resistivity,12 i.e., a negative slopedr/d ln T,0 in the resis-
tivity versus temperature curve, which has recently been ob-
served for NpSn3.

6

The pressure behavior of Kondo lattice systems is not
well understood at present. Some models, for example the
Doniach model,13–16 which extend the Kondo ‘‘impurity’’
case to Kondo lattices, successfully describe many Ce and
light actinide intermetallics.17,18 According to these models,
the hybridization of the localizedf electrons with the con-
duction band leads to an antiferromagnetic spin exchange
interactionJh , which causes a negative logarithmic resistiv-
ity slope to appear at high temperature. In simple ‘‘impu-
rity’’ models dr/d ln T is proportional to the third power of
(Jh/W),15,16 whereW is the width of the conduction band.
The exchange interactionJh also gives rise to a singlet
ground state and competitively to a magnetic two ion inter-
action. Below a critical value (Jh/W)c magnetic order domi-
nates. Above (Jh/W)c the Kondo mechanism leads to a sin-
glet ground state, or at least partly suppressesmord and
weakens the magnetic order. Thus, if the volume dependence
of Jh/W is known the volume dependence ofmord, Tord, and
of udr/d ln Tu can be qualitatively predicted and compared to
experiment.

Surprisingly, for some actinide compounds which display
a dr/d ln T anomaly, comparatively large ordered moments
are reported. There are cases where the moments are even
close to the free ion value or can be derived from the crys-
talline electric-field~CF! interactions without invoking the
Kondo mechanism. Examples are NpAs~2.5mB as compared
to 2.6mB for Np31!, NpSb ~2.6mB!,19,20 UTe ~2.25~5!mB ,
compared to 3.4mB for U31 or 2.18mB determined from a
crystal-field model!.21,22 Therefore the resistivity anomaly is
not necessarily connected to a Kondo compensation of
mord. NpGa3 is another example, where aboveTord ~;67
K! ~Ref. 23! a negative resistivity slopedr/d ln T appears.
Between 67 and 50 K the magnetic structure is antiferromag-
netic ~AF!. Below 50 K the moments are aligned ferromag-
netically ~F! with a saturation moment of;1.6mB . This is
much larger than in NpSn3, but considerably smaller than the
free-ion moment. At 50 K the F and AF phases coexist with
the ordered moment reduced by;15% in the AF phase.23

The ambient pressure data available to date give no evidence
which mechanism, e.g., 5f delocalization, Kondo compensa-
tion or CF interaction, causes the reduction ofmord relative to
the free-ion value.

Since Jh/W is sensitive to volume changes we also in-
tended to study at high pressures whether the magnetic pa-
rametersmord and Tord are correlated withudr/d ln Tu for
NpGa3 and whether the Doniach model applies. In this paper,
we report on the results of237Np Mössbauer spectroscopy,
resistivity, and x-ray-diffraction measurements at high pres-
sures.

II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

The NpGa3 sample was prepared by arc melting of sto-
ichiometric amounts of neptunium and gallium metal in dry

argon gas. X-ray-diffraction patterns obtained with a Debye-
Scherrer camera showed a pure cubic AuCu3 phase~space
groupPm3m! with a lattice parameter ofa54.255 Å. The
sample quality was also checked by237Np Mössbauer spec-
troscopy between 1.3 and 140 K. The Mo¨ssbauer patterns
observed in the paramagnetic phase show no quadrupole
splitting and correspond to a single-phase material having
cubic structure. At 4.2 K and ambient pressure the data agree
well with the results of a previous investigation of NpGa3
from a different batch.23 We tried to reproduce the tempera-
ture variation of the magnetic hyperfine field published in
Ref. 23, where at 50 K a coexistence of two magnetic sites
has been reported@with the fields 285~3! T and 244~5! T#.
We observe the same effect, however in a larger temperature
range between 51~1! and 56~1! K. Our fields at 51 K agree
well with the previous values. The ordering temperature of
67~1! K deviates only slightly from that of 65 K reported in
Ref. 23.

B. Experimental methods

The compressibility studies were performed in a
diamond-anvil cell of the Syassen-Holzapfel type24 up to a
pressure of 40 GPa. The sample was loaded into a 0.2 mm
diameter hole of an Inconel gasket. Silicon oil was used as
pressure transmitting medium. The pressure was measured
on a ruby splinter within the sample chamber, according to
the ruby fluorescence method.25 The energy dispersive
method was used for collection of x-ray data. Details of the
set up are described in Ref. 26. All compressibility measure-
ments were performed at room temperature.

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 with a
thickness of;100 mg/cm2 of 237Np. It was compressed into
a pellet of 4.5 mm diameter and 0.2 mm height and encap-
sulated in Al 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
using B4C anvils. The Al capsule and a small amount of
paraffin between the capsule and the anvils served as pres-
sure transmitting medium. The rather large absorber area re-
stricted the pressure range to;9 GPa. Pressure was applied
to the cell inside a Cu-Be clamp at room temperature. The
whole system was then mounted in a cryostat allowing ab-
sorber temperatures between 1.3 and 150 K. The source was
always kept below 25 K. The pressure and pressure gradient
were determinedin situwith a Pb manometer making use of
the pressure dependence of the superconducting transition
temperature.27 The pressure gradient was below 10%. Details
of the Mössbauer high-pressure spectrometer can be found in
Refs. 28 and 29.

The high-pressure resistivity measurements require very
thin specimens~;0.830.230.03 mm3!. Due to the brittle-
ness of NpGa3 it is difficult to prepare a sample of the de-
sired dimensions. Therefore small polycrystalline pieces
were pressed in order to get 0.03 mm thin foils from which
the sample was cut. The electrical resistance of the sample
placed inside of a sintered diamond-anvil device was deter-
mined by the four-probe method. We used steatite as the
pressure transmitting medium providing quasihydrostatic
conditions. Successive cooling and heating cycles from 300
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down to 1.5 K were performed up to 25 GPa. The pressure
was measured at low temperature using the superconducting
transition of Pb similar to the Mo¨ssbauer experiments.

III. RESULTS

A. X-ray diffraction

Figure 1 shows the relative volume of the unit cell of
NpGa3 at room temperature as a function of pressure. The
data were fitted with the Birch-Murnaghan equation of
state30 and gave values of the bulk modulusB0575~2! GPa
and its derivativeB0856(2). These values are within errors
the same as those found for NpSn3 which wereB0572~10!

GPa,B0856(4).31 No crystallographic phase transition was
observed in NpGa3 up to the maximum pressure of 40 GPa.

B. Mössbauer spectroscopy

Figure 2 shows Mo¨ssbauer spectra recorded at 4.2 K and
above the ordering temperature at ambient pressure and at
9.2 GPa. The 4.2 K spectra were fitted assuming a single Np
site with a combined magnetic hyperfine and collinear axi-
ally symmetric quadrupole interaction. AboveTord we ob-
serve a single Lorentzian line. The results of the measure-
ments at 4.2 K and for all pressures investigated are
summarized in Table I. Its last column demonstrates the
enormous increase of the ordering temperature with pressure.
Figure 2 shows that at 4.2 K the magnetic hyperfine field
changes only slightly when external pressure is applied. The
additional line broadening is probably due to the pressure
gradient in the cell which leads to a small distribution of the
isomer shift. For all pressures investigated the magnetic hy-
perfine fieldsBhf are plotted against temperature in Fig. 3. In
Fig. 4 we show the pressure dependences ofBhf , the order-
ing temperatureTord, and the isomer shiftS.

The following major conclusions can be drawn:
~a! In the whole pressure range investigated there is no

quadrupole splitting in the paramagnetic phase suggesting
that the Np site symmetry remains cubic. Furthermore, at 4.2
K we observe no discontinuity of the isomer shift or the
quadrupole interaction with pressure~see Fig. 4!. We con-
clude that the AuCu3 structure does not change up to 9 GPa.
This is consistent with our room-temperature high-pressure
x-ray data.

~b! The ordering temperature increases from 67 K at am-
bient pressure to 105 K at 9.2 GPa~see Fig. 4 and Table I!.

FIG. 2. Mössbauer spectra of NpGa3 at 4.2 K and above the ordering temperature at ambient pressure and at 9.2 GPa.

FIG. 1. Relative volumeV/V0 of the unit cell at room tempera-
ture as a function of pressure. The solid line is a fit to the Birch-
Murnaghan equation.
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~c! Contrary to the situation at ambient pressure where at
51 K two magnetic subspectra are found, we obtain under
pressure spectra with onlyonemagnetic hyperfine field in
the whole temperature range belowTord @see Fig. 3~a!#. Fur-

thermore, within the experimental error theBhf values at el-
evated pressure show no discontinuity as a function of tem-
perature@see Fig. 3~b!#. Only the higherBhf component
attributed to the ferromagnetic phase atambientpressure is
present. Previous Mo¨ssbauer measurements at ambient pres-
sure under external magnetic field32 showed an analogous
effect. Above 50 K a magnetic field of;4 T induces a
change from the lower~‘‘antiferromagnetic’’! to the higher
~‘‘ferromagnetic’’! Bhf value. Magnetization measurements
revealed indeed that above 50 K a field of 4 T drives an
antiferro- to ferromagnetic transition.23

~d! At all pressures the magnetic hyperfine fields are satu-
rated at 4.2 K~see Fig. 3!. There is a slight decrease ofBhf
by ;3% from ambient pressure to 9.2 GPa~see Fig. 4!. The
Bhf versus pressure curve reveals a negative curvature. The
Bhf(T) curves cannot be fitted by a Brillouin function. How-

TABLE I. Mössbauer results at 4.2 K for various pressuresp. The magnetic hyperfine fieldBhf , the
coupling constant of the electric quadrupole interactione2qQ, the isomer shiftS, and the linewidthG ~full
width at half maximum! are listed. The isomer shift is given relative to NpAl2. The last column gives the
magnetic ordering temperatureTord.

p ~GPa! Bhf ~T! e2qQ ~mm/s! S ~mm/s! G ~mm/s! Tord ~K!

0.0 334~2! 23.1~3! 5.9~2! 2.2~2! 67~2!

3.8~3! 333~2! 22.8~4! 4.4~2! 3.7~2! 85~2!

4.8~3! 333~2! 22.6~4! 3.8~2! 2.6~3! 91~2!

6.6~3! 329~2! 21.6~4! 3.3~2! 3.8~3! 96~2!

7.7~3! 328~2! 22.2~4! 2.3~2! 3.5~3! 100~2!

9.2~7! 323~2! 21.5~4! 2.1~2! 4.3~3! 105~2!

FIG. 3. Magnetic hyperfine fieldBhf versus temperatureT for
various pressures.~a! For a better overall view error bars are not
given. The solid lines serve as a guide to the eye.~b! The enlarged
section shows that in contrast to ambient conditions, at elevated
pressure no discontinuous drop ofBhf occurs at;50 K within ex-
perimental errors. This drop is due to a transition from a ferromag-
netic~F! to an antiferromagnetic~AF! state. Symbols have the same
meaning as in~a!.

FIG. 4. Pressure dependences of the magnetic hyperfine field
Bhf at 4.2 K, the ordering temperatureTord, and the isomer shiftS
relative to NpAl2.
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ever, at elevated pressures the magnetic hyperfine fields de-
crease continuously when temperature is raised suggesting
that the magnetic phase transitions are of second order~see
Fig. 3!.

~e! The coupling constante2qQ of the quadrupole inter-
action at 4.2 K increases from23.1~3! mm/s at ambient
pressure to21.5~4! mm/s at 9.2 GPa~see Table I!, i.e.,
ue2qQu is reduced under pressure. Such a behavior can be
expected from the decrease ofBhf since at least part ofe

2qQ
is ‘‘induced:’’ it originates from the noncubic ground state of
NpGa3 when magnetically ordered.33

~f! The isomer shift at 4.2 K shows a linear decrease
under pressure~see Fig. 4! with a normalized slope of
(1/DSc)dSc/dp50.831022 GPa21, whereDSc is the differ-
ence ofS between the Np31 and Np41 configurations.34 The
value is somewhat larger than that found for NpSn3
~0.631022 GPa21!.

C. Resistivity

Since the sample geometry is not well known, we use the
resistanceR rather than the specific resistivityr to present

the data. Some resistance curvesR(T) at various pressures
are shown in Figs. 5~a! and 5~b!. The resistivity curve pre-
viously obtained at ambient pressure23 with a sample from a
different batch is depicted in the inset of Fig. 5~a!.

First we compare theR(T) curve of our experiment at the
lowest pressure~0.2 GPa! with the data obtained at ambient
pressure. In both curves we observe above 100 K a logarith-
mic dependence of the resistance onT with a negative slope
@see Fig. 5~a!#. The authors of Ref. 23 attributed this
anomaly to the Kondo mechanism. Furthermore, both mea-
surements reveal at;50 K a steep decrease towards lower
temperatures. At ambient pressure the drop coincides with
the antiferromagnetic to ferromagnetic transition~AF-F!.23

However, whereas at ambient pressureR(T) shows an al-
most discontinuous drop atTC @inset of Fig. 5~a!# our mea-
surement at 0.2 GPa displays a smooth behavior. Moreover,
a small shoulder appearing atTN in the ambient pressure
curve is absent in our measurement. At present it is unclear
whether the different features of the two measurements are a
true pressure effect, whether they are due to imperfect con-
ditions in the pressure cell~i.e., pressure gradient! or simply
due to the different samples. Our Mo¨ssbauer data at ambient
pressure show a coexistence of the two magnetic phases in a
wide temperature range between 51 and 56 K~see Sec. II and
Fig. 3!. Therefore it might be not so surprising that we do not
find a discontinuous drop ofR(T) at ;50 K.

In the following we concentrate on pressure effects and
describe the changes ofR(T) when the applied pressure is
higher than 0.2 GPa. At the initial increase in pressure, from
0.2 to 1.2 GPa, the sample resistance decreased by about a
factor of 2 over the whole temperature range. At higher pres-
sures the room-temperature resistance changes very little
with pressure, and as none of our measurements suggest a
cause for this major change between 0 and 1.2 GPa we sus-
pect that this is not an intrinsic property but probably more
the effect of pressure on grain boundaries and cracks in the
polycrystalline sample. In Fig. 5~a! we have therefore nor-
malized the 0.2 GPa curve to the 3.3 GPa curve at room
temperature. Because of this limitation we will only focus on
changes in the shape and position of the features in the
curve, and not on absolute values of the resistance.

The logarithmic Kondo anomaly aboveTord weakens un-
der pressure and disappears at 4.8 GPa. To estimate the be-
havior of the anomalous slopeb52dR/d ln T with pressure
we fit the parametersa, b, andc of the functionR(T)5a
2b ln T1cT to the high-temperature~.100 K! resistance
curves up to 3.3 GPa. The coefficientc represents the con-
tribution of the electron phonon scattering.35 The resulting
b/a ratios are listed in Table II. The ratio of 0.09 at 0.2 GPa
agrees well with the value of 0.1 previously found at ambient
pressure.23 Table II shows thatb/a decreases continuously.
At 4.8 GPa a lnT behavior could not be justified by the data.

In Fig. 6, the ordering temperature~d! obtained from the
Mössbauer data,Tord ~j! as derived from the resistance
curves, and the characteristic temperature of the resistance
drop ~n! are plotted against pressure~reduced volume!. The
position of the low-temperature drop~n!, i.e., the tempera-
ture where the maximum of the derivativedR/dT appears, is
almost pressure independent up to;13 GPa. Above 13 GPa
the drop is shifted from;56 K at 13 GPa to;90 K at 25
GPa. Between 5 and 9 GPa the position of the inflection
point ~j! ~the temperature whered2R/dT250! indicated by

FIG. 5. Resistance versus temperature curves for various pres-
sures. The inset in~a! shows the resistivity curve previously mea-
sured with a different sample~Ref. 23!. The 0.2 GPa curve in~a! is
normalized to the 3.3 GPa curve at room temperature~see text!. The
arrows in~b! indicate the inflection points which coincide with the
ordering temperatures as derived from the Mo¨ssbauer measure-
ments.
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an arrow in Fig. 5~b! coincides with the ordering tempera-
tures~d! found in the Mössbauer measurements. Therefore,
we believe that the inflection point is caused by the onset of
magnetic order and indicates the magnetic phase transition
also at higher pressures. A similar coincidence of a resistance
inflection point withTord has been observed in NpP~Ref. 36!
and Tb.37 Above 10 GPa the temperature of the inflection
point rapidly increases and reaches 194 K at 25 GPa, i.e., the
ordering temperature probably rises correspondingly.
Whereas the curvature of theTord versus pressure curve is
negative between ambient pressure and 10 GPa, at higher
pressures the slope increases and displays a linear depen-
dence.

At low temperature and between 0.2 and 2.1 GPa we
could fit the functionR(T)5R01A•T2 to the data. For fer-
romagnetically ordered systems theT2 law is usually attrib-
uted to electron scattering at ferromagnetic spin waves.35

The parameterA decreases by a factor of 10 between 0.2 and
2.1 GPa. Above 2.1 GPa theT2 law can no longer be applied.
Instead a minimum ofR(T) appears at;20 K ~see Fig. 5!.
The temperature of this minimum increases to;37 K at 22
GPa. Furthermore, the resistance below 40 K increases be-
tween 0.2 and 15.4 GPa. At 25 GPa the minimum is no
longer present, but the value ofR at 1.5 K is still enhanced in
comparison to 0.2 GPa. The origin of the minimum is not yet
clear. We find no feature in the Mo¨ssbauer spectra, e.g., no
change in the magnetic hyperfine field, which could be re-
lated to the minimum.

IV. DISCUSSION

We assume that the linear relationBhf52153mord be-
tween the magnetic hyperfine fieldBhf (T) derived from

Mössbauer measurements and the ordered magnetic moment
mord ~mB! determined by neutron diffraction also holds for
NpGa3 at ambient and at elevated pressure. The relation is
well fulfilled for almost all Np intermetallics.38

A. Localized versus itinerant 5f electron behavior

In the isostructural UGa3 the weak temperature depen-
dence of the magnetic susceptibility and the comparatively

FIG. 6. The ordering temperatures deduced from Mo¨ssbauer
spectroscopy~d! and from resistance measurement~j! versus
pressure~volume reduction!. The maximum of the derivativedR/
dT of the low-temperature drop~n! is also plotted. Based on these
data a magnetic phase diagram is proposed. The phase above the
Néel temperature~d, j, TN567 K at ambient pressure! is para-
magnetic~P!. The antiferromagnetic phase~AF! is present between
the Néel temperature~d, j! and the temperature~n!, which coin-
cides with the resistance drop. Belown (Tc) the spin arrangement
is proposed to be ferromagnetic~F!. At ambient pressureTc is ;50
K.

TABLE II. b/a ratios obtained from fits of the functionR(T)
5a2b ln T1cT to the resistivity curves at high temperature and
for various pressuresp. Since the table is meant to show only
trends, errors are not given.

p ~GPa! 0.0 0.2 1.01 1.2 2.1 3.3 4.8
b/a 0.1a 0.09 0.07 0.05 0.04 0.04

aReference 23.

TABLE III. Volume coefficients of the electron density at the nucleusr~0! derived from the isomer shift,
of the ordered magnetic momentmord, and of the magnetic ordering temperatureTord. The arrow indicates
the increase of 4f or 5f electron delocalization between DyAl2 and NpOs2 ~see text!.
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low ordered moment of 0.8mB are typical features of a band
magnet. In contrast, for NpGa3 we favor the model of a
localized magnet with only slight 5f hybridization. The lo-
calized model has already been suggested from bulk mea-
surements at ambient pressure.23

We find further support from a comparison of the volume
derivatives of the magnetic ordered momentmord, the order-
ing temperatureTord and the electron density at the nucleus
r~0! with other compounds. This is shown in Table III.
DyAl2, NpCo2Si2, and NpSn3 are considered as localized 4f
or 5f systems, NpAs and NpAl2 are grouped in the interme-
diate range and NpOs2 is classified as a 5f band magnet.29

The positive sign of2d ln Tord/d ln V and the weak volume
dependence ofmord as found for NpGa3 usually exclude the
model of a band magnet.11 Due to the large spin-orbit cou-
pling in localized as well as in itinerant 5f magnets the or-
dered momentmz5mB(Lz22Sz) is composed of an orbital
as well as a spin contribution of opposite sign. In the light
actinides the orbital part is in most cases larger than the spin
contribution, even in band magnets.39 When pressure is ap-
plied to an itinerant 5f magnet the 5f band broadens and the
orbital part is quenched much more effectively than the spin
contribution. This causes a reduction of the total moment
under pressure.40 The suppression of the moment and the
broadening of the 5f band lead to a decrease ofTord.

For NpGa3 the slope ofd ln Tord/2d ln V516 is compa-
rable to the other localized systems in Table III. In Fig. 7 the
saturated magnetic hyperfine fieldBhf , the ordering tempera-
tureTord, the isomer shiftS, the coupling constante2qQ of
the quadrupole interaction, and theb/a ratio ~b/a}udR/
d ln Tu! are plotted against volume change. The small de-
crease ofmord by less than 4% suggests that the 5f states are
weakly hybridized between ambient pressure and 9.2 GPa.
The negative curvature observed forBhf ~see Fig. 7, top! is
probably due to the onset of a stronger 5f delocalization
above 9 GPa. The ordering temperature shows alinear vol-
ume dependence below 10 GPa. This again is a strong indi-
cation for ~weak! delocalization of 5f electrons. In the sys-
tems NpCo2Si2 ~Ref. 29! and EuAl2,

41 where delocalization

is not present at all, the ordering temperature rises quadrati-
cally ~or even faster! with uDV/V0u. In NpGa3 weak delocal-
ization of 5f electrons causes a reduction ofBhf ~see Fig. 7,
top! and leads to only a linear increase ofTord. Surprisingly
the slope ofTord ~d,j! increases at higher pressures~see
Figs. 6 and Sec. IV C below!. However, the slope of the
ordering temperature above 9 GPa has to be treated with
caution since it was derived by assuming that the inflection
point of the resistance~j! also coincides withTord in the
higher pressure range~see Sec. III C!. At present it is unclear
if this assumption strictly holds also in the high-pressure
regime.

The variation of the electron densityr~0! at the nucleus
with volume derived from the isomer shift gives us a further
clue how effectively the 5f states hybridize under pressure.
In Refs. 4 and 5 it was suggested that 5f electron delocal-
ization leads to a less effective screening of the outer Nps
and p1/2 electrons by the 5f electrons and thus to a strong
increase ofr~0!. Such a behavior is indeed observed in
NpOs2. This mechanism is supported by theoretical band-
structure calculations performed for UTe with varying vol-
ume of the unit cell.42 According to Ref. 42 pressure-induced
5 f delocalization causes a loss of 5f spectral density in real
space, i.e., the 5f wave functions are more extended outside
of the core region. As a consequence the magnetic moments
are reduced. This also leads to a much stronger increase of
r~0! than observed for localized rare-earth systems such as
DyAl2 and EuAl2.

41 However, the still weak volume depen-
dence of the isomer shift in NpGa3 excludes all models as-
suming astrong5 f delocalization, which would be found in
5 f band magnets like NpOs2 or intermediate valence sys-
tems. The negative curvature of theS versus volume curve is
a hint that 5f delocalization may become more significant
above 9 GPa.

The absolute value of the induced electric quadrupole
coupling constantue2qQu shows a similar negative curvature
in its volume dependence asBhf andS. We suggest that the
decrease ofue2qQu, Bhf andS is driven by a slight pressure-
induced delocalization of the 5f states. A decrease of these

TABLE IV. Important magnetic interactions for NpGa3.

Interactions
Our assumption for

NpGa3

Evidence from
experiment Future investigations

Intraionic correlation,
CF state

RS-coupling dominant
Np31→5I 4→G5

Isomer shift→Np31,
mord, e

2qQ→G5,
susceptibility~Ref. 23!

Experiment: inelastic
neutron experiment
theory: calculation
within model II ~Ref. 42!

Quadrupolar interaction Weak Small induced electr.
field gradient

Anisotropy of magnetic
exchange

Weak Theory: influence on
CF state and onmord

Hybridization exchange
Jh

Dominates R(T) Kondo anomaly

Coulomb exchangeJC Less important
Strength of 5f
delocalization

Weak compared to
UTe, increases under
pressure

Slight decrease but
negative curvature of
Bhf , S, ue2qQu;
increase ofTord up to
25 GPa withuDV/V0u

Experiment:
photoemission
theory: band-structure
calculation within
model II ~Ref. 42!
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parameters has also been observed for NpAs and a similar
interpretation has been given.43 For the further discussion we
assume, therefore, a weak interaction between the 5f mo-
ments and the conduction band.

B. Magnetic interactions

In Sec. IV A we ruled out the model of a 5f -band magnet.
In this section we try to answer by which mechanismmord
~1.6mB! ande2qQ ~23.1 mm/s! are reduced relative to the
free-ion values~2.6mB and;227 mm/s, respectively!. For
an understanding of the volume dependences of the hyper-
fine parameters, the magnetic ordering temperature, and of
the resistance behavior of NpGa3 it is crucial to examine the
interactions which have been found to be important in ac-
tinide systems.44,45 Some of these interactions are listed in
Table IV.

If we assume localized 5f states the values of the isomer
shift at all pressures suggest a Np31 configuration with a5I 4

Hund’s rule ground state.4,23,29The crystal-field~CF! G5 state
is compatible with the experimental values ofmord ande

2qQ
at ambient pressure and withmeff derived from the Curie-
Weiss behavior of the magnetic susceptibility.23 On the other
hand,mord could partly be quenched by Kondo compensa-
tion. As will be discussed below our high-pressure data prob-
ably exclude this possibility.

Because of the low value of the induced quadrupole cou-
pling constantue2qQu found in NpGa3 we neglect the qua-
drupolar interaction between the 5f electrons of neighboring
Np atoms and the anisotropy of the magnetic exchange in-
teraction. Both effects can be present when the 5f charge
distribution is strongly anisotropic. They are assumed to be
important, e.g., for the pnictides of the light actinides.44 In-
deed the Np pnictides NpAs, NpSb, and NpBi show a high
value of the induced quadrupole coupling constant@between
229 and231 mm/s~Ref. 46!#. In contrast for NpGa3 the
absolute value ofe2qQ is below 4 mm/s at all pressures and
temperatures investigated. This hints at a weak charge an-
isotropy. Furthermore NpGa3 is likely to be only weakly an-
isotropic in the ferromagnetic phase as has been found for
the isostructural NpIn3.

47

The spin-exchange interaction of the 5f electrons with the
band electrons can either be driven by an antiferromagnetic
hybridization exchange or by a ferromagnetic Coulomb
exchange.45 The Coulomb exchange dominates in the local-
ized rare-earth systems, where no hybridization of the 4f
electrons is present.48 To our knowledge a resistivity Kondo
anomaly has never been observed in these systems and is not
expected from theoretical models if the Coulomb exchange
dominates.15,16 The presence of the Kondo anomaly in
NpGa3 therefore suggests that the hybridization exchange is
the more important mechanism in our case.

The question arises whether the antiferromagnetic ex-
changeJh also leads to a Kondo compensation ofmord
~1.6mB! relative to the free-ion value~2.6mB!. This is an al-
ternative mechanism~besides 5f delocalization or CF inter-
action! which may explain the reduction ofmord. We exam-
ine this possibility by comparing the volume dependence of
mord, Tord, and udR/d ln Tu with what is expected from the
Doniach model.13

Model I (Doniach model)

The model is described in the appendix. The increase of
Tord and the decrease ofmord can be explained by assuming
that the model parameterJh/W is below the critical value
Jh/W,(Jh/W)c at ambient pressure and increases with re-
duced volume, as in CeAg.49 However, in contrast to CeAg
and CeAl2,

16 in NpGa3 the resistance anomalyudR/d ln Tu
decreases and finally breaks down at elevated pressure. The
volume dependence ofTord and of udR/d ln Tu can also be
understood ifJh/W.(Jh/W)c at ambient pressure and if
Jh/W decreases under pressure. However, this is unlikely, as
an estimate shows~see Appendix!. Furthermore, a decrease
of Jh/W would probably coincide with an increase ofmord
~Ref. 48! in contrast to our observation. We suggest that the
saturated moment is reduced rather by CF interaction than by
Kondo compensation and that the volume dependence ofmord
andTord can be explained within model II.

FIG. 7. Magnetic hyperfine fieldBhf at 4.2 K, ordering tempera-
ture Tord, isomer shiftS relative to NpAl2, quadrupole coupling
constante2qQ at 4.2 K, and theb/a ratio of the resistance, plotted
versus volume change. Since our fittedb/a ratios only reflect the
trend of thedR/d ln T dependence on volume, error bars have been
omitted.
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Model II (5f electron delocalization)

To establish an alternative picture for NpGa3 we compare
its pressure behavior with that of UTe.42,50 In UTe, Tord in-
creases at low pressures, shows a maximum at;7.5 GPa and
decreases at higher pressures. The resistivity anomaly disap-
pears at;4 GPa. According to the theoretical work in Ref.
42, an increase of the hybridization and thus of the magnetic
exchange interaction raisesTord. At the same time an en-
hanced 5f delocalization reducesmord with reduced volume,
which weakens magnetic order. This competition was pro-
posed to be responsible for the maximum in theTord versus
volume curve of UTe. We invoke the same magnetic mecha-
nism for NpGa3. We suggest that the 5f states of NpGa3 are
less hybridized than in UTe so thatTord increases even up to
25 GPa and shows a maximum at still higher pressures. The
relatively weak 5f delocalization was already concluded
from the volume dependence ofBhf , Tord, and S in Sec.
IV A. Unfortunately, to our knowledge the resistivity
anomaly has never been investigated theoretically within
models including 5f delocalization effects. We suggest that
the decrease ofudR/d ln Tu with reduced volume, also ob-
served in UTe,50 NpSb,51 and NpAs,52 might be driven by
increasing charge fluctuations of the 5f states. Since we ex-
pect a small increase of the 5f delocalization with reduced
volume in NpGa3 ~see Sec. III A!, these fluctuations certainly
play a major role. However, they are underestimated by the
Schrieffer-Wolff transformation,53,54 on which model I is
based. Therefore, it is not surprising that model I fails to
describe certain U or Np systems. Since the 5f states in
compounds of the light actinides are usually more delocal-
ized than the Ce 4f electrons,55 it is consistent to assume that
model I is a good description for Ce intermetallics but not for
NpGa3 or UTe.

C. Magnetic phase diagram

In Fig. 6 the ordering temperature derived from the Mo¨ss-
bauer ~d! and resistance~j! data, and the temperature
where the sharp resistance drop~n! occurs are plotted
against volume change. The figure also shows our suggestion
for the magnetic phase diagram. The magnetic hyperfine
fields as a function of temperature~see Fig. 3!, the resistance
drop ~n! and the inflection point~j! at the ordering tem-
perature~see Fig. 5! are the main features on which the phase
diagram is based.

If we took the Mössbauer results alone we would be
tempted to argue that the absence of the smaller hyperfine
field above 50 K and under pressure~see Fig. 3! indicates the
disappearance of the antiferromagnetic~AF! phase. This was
observed at ambient pressure with applied magnetic field
rather than pressure.32 In our case we would expect the re-
sistance drop~n! to shift towardsTord ~d,j!, since such a
drop is usually characteristic of a ferromagnetic phase
transition.56 However, the temperature of the drop~n! is
belowTord ~d,j! by more than 15 K at all pressures and is
constant up to 10 GPa, whereasTord ~d,j! strongly rises
with increasing pressure. Moreover, above 5 GPa the inflec-
tion point ~j! at the onset of magnetic order is highly un-
usual for a ferromagnetic phase transition. This behavior is
rather characteristic of an antiferromagnetic transition, which
leads to a larger unit cell of the crystal~supercell! and may

cause a band gap at the Fermi surface.57 A reduction of the
lattice symmetry can be caused by an amplitude modulation
of the magnetic moments or by an antiferromagnetic ar-
rangement of the spins with moments ofoneamplitude. The
Mössbauer results exclude the first possibility, since the fits
with only onehyperfine field are in good agreement with the
data. Our measurements at elevated pressure furthermore re-
veal that in the AF phase the ordered moment is not reduced
anymore, in contrast to the situation at ambient pressure.
This increased ordered moment and the different resistance
behavior at the phase transition above 0.2 GPa suggests that
the spin arrangement in the AF phase changes under pres-
sure.

The low-temperature drop of the resistance at elevated
pressure could either be due to a reduction of the spin-wave
scattering with decreasing temperature in the AF phase35 or
it could be caused by an antiferro- to ferromagnetic~AF-F!
transition similar to the situation at ambient pressure. Since
the temperature~n! where the drop appears shows no corre-
lation to the increase ofTord ~d,j! with pressure we favor
the second alternative.

V. CONCLUSIONS

We suggest that the different pressure behavior of NpGa3
with respect to the Kondo systems CeAl2 and CeAg is due to
a larger delocalization of the Np 5f electrons compared to
the Ce 4f electrons. For this reason the Doniach picture does
not apply. On the other hand, because of the still small pres-
sure variation of the isomer shift and of the ordered moment
and due to the increase ofTord up to 25 GPa the degree of 5f
delocalization is lower than in UTe.

Our suggestions concerning the relevance of several 5f
interactions are summarized in Table IV. The strength of the
5 f delocalization could be studied by a photoemission ex-
periment. A comparison of the photoemission results with
CeAg, CeAl2, and UTe may provide a test for our prediction
that the 5f states of NpGa3 are more delocalized than the Ce
4 f states but less hybridized than in UTe. Furthermore, a
theoretical investigation within model II~Ref. 42! of the 5f
delocalization and of the 5f screening effect on the electron
density at the nucleus would provide a deeper understanding
of the dependence of the isomer shift on 5f delocalization.
Theoretical investigations could also examine whether the
decrease of the size of the induced quadrupole interaction
and of the resistivity slopeudr/d ln Tu with reduced volume
can be explained within model II by a slight increase of the
5 f charge fluctuations.

A high-pressure resistivity study on the isostructural but
possibly more localized compounds NpIn3 ~Ref. 5! and
NpSn3 ~Ref. 10! would show whether these systems can be
described within the Doniach picture. An inelastic neutron
experiment would be able to verify whether the CF model
which is usually applied to localized systems is also a proper
approximation for NpGa3. The question how anisotropic 5f
hybridization influences the CF states could be examined by
theory.58,59

Our suggestion of a magnetic phase diagram should be
checked by elastic neutron diffraction. Unfortunately up to
now high-pressure neutron experiments are not available for
Np compounds for safety reasons. AC susceptibility mea-
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surements at high pressure might provide a test for our sug-
gestion that the AF-F transition is still present at elevated
pressure.
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APPENDIX: DESCRIPTION OF MODEL I AND ITS
CONSEQUENCES FOR NpGa3

Model I

In extended versions of the Doniach model which are ap-
plied to Ce and actinide systems the competition between
magnetic order and Kondo effect is controlled by the param-
eterJh/W, whereW is the bandwidth at the Fermi level and
Jh is the exchange parameter due to the hybridization be-
tween the 5f and conduction electrons.15 The hybridization
exchange parameterJh is given by Jh5uVkFu

2U/
[E5 f(E5 f1U)].15 VkF is the corresponding hybridization
matrix element,U the Anderson correlation energy, andE5 f
is the energy of the 5f electrons relative to the Fermi level.
In this model the anisotropy ofJh andVkF , i.e., their depen-
dence on the magnetic quantum number of the electronic
state of the ion is neglected. FurthermoreJh is derived by the
application of the Schrieffer-Wolff transformation to the
Anderson Hamiltonian, which might underestimate 5f
charge fluctuations.15,53,54

For many Ce compounds the pressure variation ofTord
and the Kondo temperature can be well explained by assum-

ing that the model parameterJh/W increases under
pressure.60,49 If Jh/W is smaller than a critical value (Jh/W)c
then Tord rises at low pressures, goes through a maximum
and decreases at sufficiently high pressures. In this case a
resistivity Kondo anomaly can appear under pressure as, e.g.,
in CeAg or CeCu2Ge2. If Jh/W is above (Jh/W)c at ambient
pressure, a decrease ofTord and an increase ofudr/d ln Tu
should occur under pressure as in CeAl2.

16

Estimation of the volume dependence ofJh/W

It is discussed why we expect the model parameterJh/W
to increase under pressure~see Sec. IV B, model I!. Accord-
ing to Ref. 2 in AnX3 compounds the 5f hybridizationVkF is
mainly determined by the mixingVpf between the 5f and the
ligand p electrons. Thus to estimate the volume dependence
of Jh/W we can replaceVkF by Vpf . According to a com-
bined muffin-tin theory with transition pseudopotentials a
general matrix elementVll 8m has been derived,61 which de-
scribes the hybridization between orbitals of angular mo-
menta l ,l 8 ~l ,l 850,1,2,3 fors,p,d, f orbitals, respectively!
with the symmetrym of the bond~m50 for s bond,m51
for p bond, etc.!. If we assumem to be pressure independent
Vll 8m shows the proportionalityVll 8m}d2( l1 l 811) with the
interatomic distanced. Using this for NpGa3 we arrive at the
volume dependenceVpf}V

25/3. The widthW of the conduc-
tion band scales withV25/3 for d electrons or a lower power
of ~1/V! if only s andp electrons form the conduction band.
If E5 f and U are pressure independent, we obtain
Jh/W}V25/3. Thus if (Jh/W) was supposed to decrease un-
der pressure, the factorU/[E5 f(E5 f1U)] would have to
overcompensate the increase byV25/3. This would be pos-
sible, if the 5f energy decreases strongly relative to the
Fermi level. It would mean that the 5f electrons become
even more localized under pressure. As another possibility,
the correlation parameterU could strongly decrease. This,
however, would lead to a considerable 5f delocalization.
Both mechanisms are in contradiction to our discussion in
Sec. IV B. Therefore we expectJh/W to increase when vol-
ume is reduced.
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