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High-pressure studies on Np@aere performed using®’Np Mossbauer 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 cubig &y§al structure at ambient
pressure is preserved up to 40 GPa. The bulk modBlyss 752) GPa with B{=6(2). NpGa orders
antiferromagnetically at ambient pressureTat=67 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 ferromagkfet#e transition
occurs with a sudden reduction of the magnetic hyperfine Bgjdy ~15% when entering the AF phase. At
elevated pressure this transition is no longer observed. At 4B K the value of the electric quadrupole
coupling constante?qQ| and the isomer shif slightly but continuously decrease with reduced volume.
Above Ty a negative logarithmic resistivity slomip/d In T<O is present at ambient pressure and disappears
at 3 GPa. The slight decreaseRyf; at 4.2 K, the variation 06°qQ andS with pressure, and the suppression
of dp/d In T at ~3 GPa indicate 6 electron delocalization. This delocalization, however, is much less pro-
nounced than in band magnets, as, e.g., in Np@smagnetic phase diagram is suggested that consistently
explains the pressure variation @fBy; and T,,y. We discuss the properties of Np{ia terms of the Kondo
interaction and the Doniach phase diagram, and alternatively, within a model which inclédeeciron
delocalization effects. This second model seems to be prom{s384.63-182606)05241-1

[. INTRODUCTION UGa; rather behaves like an ordered band magrets less
clear, however, which general model applies to describe the
The intermetallic compounds of the light actinides exhibitvarious electronic features of the Xpcompounds. For ex-
a wide variety of physical, especially magnetic, propertiesample, NpSg was initially described as an itinerant system
The latter cover, for example, localized Bnagnetism, cor- with a high density of § electrons at the Fermi level. This
related 5 electron behavior, superconductivity and Pauliappeared to follow from susceptibility and specific-heat mea-
paramagnetismh.The UX; and Np<; compounds(X=Al, surements, from the small ordered magnetic momept of
Ga, In, Tl, Si, Ge, Sn, Bball crystallizing in the AuCy  0.3ug (compared to a free ion value of ), the low or-
structure, provide an excellent possibility for an investigationdering temperaturd 4 of 9.5 K, and from band-structure
of systematic changes infSelectron structuré-® For ex- calculationg® Unexpectedly, NpSpbehaves like many lo-
ample, USj, UAl;, and UGg are Pauli paramagnets. calized systems under pressure, ik, rises strongly with
USn, exhibits strong spin fluctuatiodsUIn,, UTl;, and  reduced volume whereag,y varies only slightly!*!! To
UPh,; show features typical for localized systems, whereagxplain the pressure behavior typical for a localifedlec-
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tron structure it was suggested thaf,, is partially sup- argon gas. X-ray-diffraction patterns obtained with a Debye-
pressed by Kondo interactiof‘Kondo compensation]  Scherrer camera showed a pure cubic Ay@phase(space
rather than by 5 delocalization. At high temperature such a group Pm3m) with a lattice parameter ci=4.255 A. The
behavior is often connected with a Kondo anomaly of thesample quality was also checked B{Np Mossbauer spec-
resistivity; i.e., a negative slopdp/d In T<0 in the resis- troscopy between 1.3 and 140 K. The #4bauer patterns
tivity versus tem%erature curve, which has recently been obppserved in the paramagnetic phase show no quadrupole
served for NpSg _ ) i splitting and correspond to a single-phase material having
The pressure behavior of Kondo lattice systems is nogpic structure. At 4.2 K and ambient pressure the data agree
well understood at present. Some models, for example thge| yith the results of a previous investigation of NpGa
Doniach modef;  which extend the Kondo “impurity” 4y 5 different batci® We tried to reproduce the tempera-
case to Kondo lattices, successfully describe many Ce anglre variation of the magnetic hyperfine field published in
light actinide intermetallics!*® According to these models, Ref 23 where at® K a coexistence of two magnetic sites
the hybridization of the localized electrons with the con- has. beén reportefith the fields 2883) T and 2445) T].
duction band leads to an antiferromagnetic spin exchang@e ghserve the same effect, however in a larger temperature
@nteractionJh, which causes a negative Iogarithmic registiv— range between %1) and 561) K. Our fields at 51 K agree
ity slope to appear at high temperature. In simple “impu-e||'with the previous values. The ordering temperature of

rity” molcéellfss dp/d In T is proportional to the third power of - g7(1) K deviates only slightly from that of 65 K reported in
(In/W),™">whereW is the width of the conduction band. Ret 23

The exchange interactiod,, also gives rise to a singlet
ground state and competitively to a magnetic two ion inter-
action. Below a critical value),/W), magnetic order domi- e ] _
nates. Above J,/W), the Kondo mechanism leads to a sin-  The compressibility studies were performed in a
glet ground state, or at least partly suppresggg and diamond-anvil cell of the Syassen-Holzapfel t§./bep to a
weakens the magnetic order. Thus, if the volume dependend¥essure of 40 GPa. The sample was loaded into a 0.2 mm
of J,/W is known the volume dependencemfy, Toq, and  diameter hole of_an Incongl gasket. Silicon oil was used as
of |dp/d In T| can be qualitatively predicted and compared toPressure transmitting medium. The pressure was measured
experiment. on a ruby splinter within the sample chamber, according to
Surprisingly, for some actinide compounds which displaythe ruby fluorescence meth8d. The energy dispersive
a dp/d InT anoma'y, Comparative|y |arge ordered momentsmethod was Use.d fOI‘. collection of X-ray data: I.D.etal|s of the
are reported. There are cases where the moments are ev&§f up are described in Ref. 26. All compressibility measure-
close to the free ion value or can be derived from the crysments were performed at room temperature.
talline electric-field(CF) interactions without invoking the ~ Mossbauer transmission experiments on the 60 keVv
Kondo mechanism. Examples are Np@s5us as compared rays of “’Np were carried out using #'Am metal source
to 2.6us for Np**), NpSb (2.6ug),*%%° UTe (2.255)ug, (apout 50 mQi. The absorber was a powder sample vy|th a
compared to 3.4 for U* or 2.184; determined from a thickness of~100 mg/crf of *Np. It was compressed into
crystal-field model?-?? Therefore the resistivity anomaly is @ pellet of 4.5 mm diameter and 0.2 mm height and encap-
not necessarily connected to a Kondo compensation ofulated in Al for radiation safety. The Al capsulé mm
Mord - NpGa3 is another examp|e, where abov%rd (~67 d|ameter,.0.-7 mm he|ght, 0.25 mm wall th|C.kn)33ﬂaS
K) (Ref. 23 a negative resistivity slopdp/d In T appears. mounted inside a high-pressure cell of the Bridgman type
Between 67 and 50 K the magnetic structure is antiferromagusing B,C anvils. The Al capsule and a small amount of
netic (AF). Below 50 K the moments are aligned ferromag- Paraffin between the capsule and the anvils served as pres-
netically (F) with a saturation moment of-1.6ug. This is  Sure transmitting medium. The rather large absorber area re-
much larger than in NpSnbut considerably smaller than the Stricted the pressure range t® GPa. Pressure was applied
free-ion moment. At 50 K the F and AF phases coexist witht0 the cell inside a Cu-Be clamp at room temperature. The
the ordered moment reduced byl5% in the AF phasé®  Whole system was then mounted in a cryostat allowing ab-
The ambient pressure data available to date give no eviden&rber temperatures between 1.3 and 150 K. The source was
which mechanism, e.g.,f&delocalization, Kondo compensa- always kept below 25 K. The pressure and pressure gradient

tion or CF interaction, causes the reductionugf, relative to ~ Were determinedh situ with a Pb manometer making use of
the free-ion value. the pressure dependence of the superconducting transition

Since ‘]h/W is sensitive to volume Changes we also in- temperaturé? The pressure gradient was below 10%. Details

tended to study at high pressures whether the magnetic p&f the Mossbauer high-pressure spectrometer can be found in
rametersu,q and Toq are correlated withdp/d In T| for ~ Refs. 28 and 29. o _

NpGa; and whether the Doniach model applies. In this paper, The high-pressure resistivity measurements require very
we report on the results GF’Np Méssbauer spectroscopy, thin specimeng~0.8x0.2x0.03 mn). Due to the brittle-

resistivity, and x-ray-diffraction measurements at high presness of NpGait is difficult to prepare a sample of the de-
sures. sired dimensions. Therefore small polycrystalline pieces

were pressed in order to get 0.03 mm thin foils from which
Il. EXPERIMENTAL DETAILS 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
The NpGg sample was prepared by arc melting of sto-pressure transmitting medium providing quasihydrostatic
ichiometric amounts of neptunium and gallium metal in dry conditions. Successive cooling and heating cycles from 300

B. Experimental methods

A. Sample preparation and characterization
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1.00 GPa, B(’)=6(4).31 No crystallographic phase transition was
observed in NpGaup to the maximum pressure of 40 GPa.
0.96 |
e B. Mossbauer spectroscopy
0.92 1 . Figure 2 shows Mssbauer spectra recorded at 4.2 K and
ZO e above the ordering temperature at ambient pressure and at
> 088 1 9.2 GPa. The 4.2 K spectra were fitted assuming a single Np
5 site with a combined magnetic hyperfine and collinear axi-
0.84 1 ally symmetric quadrupole interaction. Aboveg,y we ob-
serve a single Lorentzian line. The results of the measure-
0.80 ’ . . . ’ . ' 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.
pressure [GPa] Figure 2 shows that at 4.2 K the magnetic hyperfine field
changes only slightly when external pressure is applied. The
FIG. 1. Relative volumé&//V, of the unit cell at room tempera- additional line broadening is probably due to the pressure
ture as a function of pressure. The solid line is a fit to the Birch-gradient in the cell which leads to a small distribution of the
Murnaghan equation. isomer shift. For all pressures investigated the magnetic hy-
perfine fieldsB,; are plotted against temperature in Fig. 3. In

down to 1.5 K were performed up to 25 GPa. The pressurgig. 4 we show the pressure dependenceB,pf the order-
was measured at low temperature using the superconductingg temperaturd 4, and the isomer shiff.

transition of Pb similar to the Mssbauer experiments. The following major conclusions can be drawn:
(@ In the whole pressure range investigated there is no
. RESULTS 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
Figure 1 shows the relative volume of the unit cell of quadrupole interaction with pressufgee Fig. 4 We con-
NpGa; at room temperature as a function of pressure. Thelude that the AuCystructure does not change up to 9 GPa.
data were fitted with the Birch-Murnaghan equation ofThis is consistent with our room-temperature high-pressure

staté® and gave values of the bulk modulBg=75(2) GPa  x-ray data.
and its derivativeB;=6(2). These values are within errors  (b) The ordering temperature increases from 67 K at am-
the same as those found for NpSmhich wereB,=72(10) bient pressure to 105 K at 9.2 GlPsee Fig. 4 and Table.l

A. X-ray diffraction
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FIG. 2. Masshauer spectra of NpGat 4.2 K and above the ordering temperature at ambient pressure and at 9.2 GPa.
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TABLE |. Mossbauer results at 4.2 K for various pressyse§he magnetic hyperfine fielB,;, the
coupling constant of the electric quadrupole interac®qQ, the isomer shifS, and the linewidtH (full
width at half maximum are listed. The isomer shift is given relative to NpATThe last column gives the

magnetic ordering temperatuiig,q.

p (GPa B (T) e?qQ (mm/s S (mm/s I' (mm/g Tora (K)
0.0 3342) —3.1(3) 5.92) 2.22) 67(2)
3.803) 3332) —2.8(4) 4.42) 3.72) 85(2)
4.83) 3332) —2.6(4) 3.82) 2.63) 91(2)
6.6(3) 3292) —1.6(4) 3.32) 3.83) 96(2)
7.73) 3282) —2.2(4) 2.32) 3.53) 100(2)
9.2(7) 3232) —1.5(4) 2.1(2) 4.33) 105(2)

(c) Contrary to the situation at ambient pressure where af’€rmore, within the experimental error tBg; values at el-

51 K two magnetic subspectra are found, we obtain unde
pressure spectra with onlgne magnetic hyperfine field in
the whole temperature range beldy, [see Fig. 83)]. Fur-

By (T)

Bhf (T)

FIG. 3. Magnetic hyperfine fiel®,; versus temperaturé for T T 1
various pressurega) For a better overall view error bars are not
given. The solid lines serve as a guide to the €peThe enlarged
section shows that in contrast to ambient conditions, at elevated

?vated pressure show no discontinuity as a function of tem-
perature[see Fig. 8)]. Only the higherB,; component
attributed to the ferromagnetic phaseambientpressure is
present. Previous Misbauer measurements at ambient pres-
sure under external magnetic fitldshowed an analogous
effect. Above ® K a magnetic field of~4 T induces a

: change from the lowe( antiferromagnetic”) to the higher
300+ a) | (“ferromagnetic”) By; value. Magnetization measurements
: revealed indeed that abové® K a field d 4 T drives an
' - antiferro- to ferromagnetic transitics.
%Qx (d) At all pressures the magnetic hyperfine fields are satu-
=007 i rated at 4.2 K(see Fig. 3 There is a slight decrease Bf;
© 0.0GPa by ~3% from ambient pressure to 9.2 GR=e Fig. 4 The
x 3.8GPa By; versus pressure curve reveals a negative curvature. The
1004 ¢ 4.8GPa L Bn(T) curves cannot be fitted by a Brillouin function. How-
o 6.6GPa
+ 77G‘Pa 350 T T T T T T T T T T T T T
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pressure no discontinuous drop Byf; occurs at~50 K within ex-

perimental errors. This drop is due to a transition from a ferromag-

FIG. 4. Pressure dependences of the magnetic hyperfine field

netic (F) to an antiferromagnetiAF) state. Symbols have the same By at 4.2 K, the ordering temperatufe,y, and the isomer shifg

meaning as irna).

relative to NpAj.



54 MAGNETIC PROPERTIES OF NpGaAT HIGH PRESSURES 12 287

the data. Some resistance cunR@Sl) at various pressures
are shown in Figs. ® and b). The resistivity curve pre-
viously obtained at ambient presstieith a sample from a
different batch is depicted in the inset of Figab

First we compare thR(T) curve of our experiment at the
w lowest pressur€0.2 GPa with the data obtained at ambient
- '¢ - pressure. In both curves we observe above K& logarith-
mic dependence of the resistanceTowith a negative slope
[see Fig. ®a)]. The authors of Ref. 23 attributed this
: anomaly to the Kondo mechanism. Furthermore, both mea-
20 55 5o L/ surements reveal at50 K a steep decrease towards lower
o @ W im0z w0 temperatures. At ambient pressure the drop coincides with

the antiferromagnetic to ferromagnetic transitioh-F).%
° o o0 50 P 250 200 However, whereas at ambient press&€l') shows an al-
Temperature [K] most discontinuous drop 8t [inset of Fig. %a)] our mea-
surement at 0.2 GPa displays a smooth behavior. Moreover,
a small shoulder appearing &, in the ambient pressure
curve is absent in our measurement. At present it is unclear
95 whether the different features of the two measurements are a
b) true pressure effect, whether they are due to imperfect con-
ditions in the pressure celi.e., pressure gradiendr simply
due to the different samples. Our B&bauer data at ambient
pressure show a coexistence of the two magnetic phases in a
wide temperature range between 51 and 5@8¢€ Sec. Il and
Fig. 3. Therefore it might be not so surprising that we do not
find a discontinuous drop d®(T) at ~50 K.

In the following we concentrate on pressure effects and
describe the changes &(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-
FIG. 5. Resistance versus temperature curves for various pres-

sures. The inset ifia) shows the resistivity curve previously mea- pect that this is not an mmns.‘lc property but probably ”.“’re
sured with a different sampi@ef. 23. The 0.2 GPa curve ite) is the effect o'f pressure on grain boundaries and cracks in the
normalized to the 3.3 GPa curve at room temperatsee text The polycrystalllne sample. In Fig.(8 we have therefore nor-
arrows in(b) indicate the inflection points which coincide with the Malized the 0.2 GPa curve to the 3.3 GPa curve at room
ordering temperatures as derived from the s¥lmauer measure- temperature. Because of this limitation we will only focus on
ments. changes in the shape and position of the features in the
curve, and not on absolute values of the resistance.

ever, at elevated pressures the magnetic hyperfine fields de- The |ogarithmic Kondo anomaly above,; weakens un-
crease continuously when temperature is raised suggesting pressure and disappears at 4.8 GPa. To estimate the be-
th_at the magnetic phase transitions are of second ds@& avior of the anomalous slofee= —dR/d In T with pressure
Fig. 3. . ) . we fit the parametera, b, andc of the functionR(T)=a

(€) The coupling constare“qQ of the quadrupole inter-  _p |y T4¢T to the high-temperaturé>100 K) resistance
action at 4.2 K increases from3.1(3) mm/s at ambient ¢\rves up to 3.3 GPa. The coefficientepresents the con-
pressure to—1.54) mm/s at 9.2 GPdsee Table ), i.e.,  ipution of the electron phonon scatterifigThe resulting
le®aQ| is reduced under pressure. Such a behavior can g/, ratios are listed in Table II. The ratio of 0.09 at 0.2 GPa
expected from the decreasefyf since at least part &dQ  agrees well with the value of 0.1 previously found at ambient
is “induced:” it originates from the noncubic ground state of pressuré? Table Il shows thab/a decreases continuously.
NpGa when magnetically ordered. . At 4.8 GPa a IfT behavior could not be justified by the data.

(f) The isomer shift at 4.2 K shows a linear decrease | Fig. 6, the ordering temperatu(®) obtained from the
under pressuresee F'Q-z 4 WE? a normalized slope of Mgsshauer dataT,, (M) as derived from the resistance
(1/AS,)dS;/dp=0.8x10 +GPa ’ vv+hereA_Sc is the Tffer- curves, and the characteristic temperature of the resistance
ence ofS between the NP~ and Ng* configurations* The drop (AA) are plotted against pressureduced volurme The
value is somewhat larger than that found for NPSn position of the low-temperature drdp), i.e., the tempera-
(0.6<10°“ GPa™). ture where the maximum of the derivatiu®/ d T appears, is
almost pressure independent up-t43 GPa. Above 13 GPa
the drop is shifted from~56 K at 13 GPa to~90 K at 25

Since the sample geometry is not well known, we use th&Pa. Between 5 and 9 GPa the position of the inflection
resistanceR rather than the specific resistivigyto present  point (M) (the temperature whe?R/d T2=0) indicated by

4of A

Resistance [m<]
o

fesislivity (p{lcm)

N @

g8 8

g,

N

3

g
&

o

20.3 GPa
90 -

13.1 GPa

85

Resistance [m®]

80

75 : . ) .
50 100 150 200 250 300

Temperature [K]

C. Resistivity



12 288 S. ZWIRNERet al. 54

TABLE Il. b/a ratios obtained from fits of the functioR(T)
=a—bInT+cT to the resistivity curves at high temperature and
for various pressurep. Since the table is meant to show only 0 s 10 5 0 25
trends, errors are not given. 200 L ! ! ! . .

pressure [GPa]

[ @ Ordering temperature Mdssbauer

p (GPa 0.0 0.2 101 1.2 2.1 3.3 4.8
b/a 0.2 009 0.07 005 0.04 0.04

I ®  Ordering temperature resistivity (minimum dR/dT)

150 '_ & Maximum dR/dT (drop) L ]
%Reference 23. . )
L a
an arrow in Fig. ®) coincides with the ordering tempera- I P . |
tures(®) found in the M@sbauer measurements. Therefore, & 100 - Ty «® m o a" -

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 withT ;.4 has been observed in NgRef. 36

and Tb®” Above 10 GPa the temperature of the inflection
point rapidly increases and reaches 194 K at 25 GPa, i.e., the

50 -

ordering temperature probably rises correspondingly. o4
Whereas the curvature of tHE,4 versus pressure curve is 0.00 0.05 0.10 0.15
negative between ambient pressure and 10 GPa, at higher IAV/V o

pressures the slope increases and displays a linear depen-

dence.

I db d FIG. 6. The ordering temperatures deduced fromsibauer
At ow temper_ature arl etweezn 0.2 and 2.1 GPa W%pectroscopy(.) and from resistance measuremdilll) versus
could fit the functionR(T) =R, +A-T* to the data. For fer-  oqqyrevolume reduction The maximum of the derivativelR/

romagnetically ordered systems the law is usually attrib- g7 of the low-temperature drof\) is also plotted. Based on these
uted to electron scattering at ferromagnetic spin waves. gata a magnetic phase diagram is proposed. The phase above the
The parameteA decreases by a factor of 10 between 0.2 andyee| temperatur<®, W, Ty=67 K at ambient presstrés para-

2.1 GPa. Above 2.1 GPa tfié law can no longer be applied. magnetic(P). The antiferromagnetic pha¢aF) is present between
Instead a minimum oR(T) appears at-20 K (see Fig. . the Neel temperaturé®, M) and the temperatur@\), which coin-

The temperature of this minimum increases+{87 K at 22  cides with the resistance drop. Belaw(T,) the spin arrangement
GPa. Furthermore, the resistance below 40 K increases bé-proposed to be ferromagneti€). At ambient pressur&, is ~50
tween 0.2 and 15.4 GPa. At 25 GPa the minimum is nd.

longer present, but the value Bfat 1.5 K is still enhanced in )

comparison to 0.2 GPa. The origin of the minimum is not yetMossbauer measurements and the ordered magnetic moment
clear. We find no feature in the Mebauer spectra, e.g., no o (#g) determined by neutron diffraction also holds for
change in the magnetic hyperfine field, which could be reNpGa at ambient and at elevated pressure. The relation is

lated to the minimum. well fulfilled for almost all Np intermetallics®
IV. DISCUSSION A. Localized versus itinerant 5f electron behavior
We assume that the linear relatidd);=215X uyq be- In the isostructural UGathe weak temperature depen-

tween the magnetic hyperfine fieB,; (T) derived from dence of the magnetic susceptibility and the comparatively

TABLE Ill. Volume coefficients of the electron density at the nucle(® derived from the isomer shift,
of the ordered magnetic moment,y, and of the magnetic ordering temperatdigg,. The arrow indicates
the increase of #or 5f electron delocalization between DyAdnd NpOs (see text

Compound 10° d In p(0)/—d In V dln py/—dInV dinTyy/—dInV
DyAl, ® +5.6 +0.1 +5.3 Localized
NpCo,Si, +2.4 +0.1 +7.0
NpAs? +4.2 -0.8 -1.3
NpAl, ? +5.0 -40 ~16.0
NpOs, ? +12.5 —46.0 —80.0 Delocalized
NpSn; +1.7 +2.7° +9
-1.3°
NpGay, ¢ +2.6 -0.1 +6

*Reference 29.

PBetween ambient pressure and 4.4 GPa,
“Between 4.4 and 6.2 GPa.

9This work.
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TABLE IV. Important magnetic interactions for Npga

Our assumption for Evidence from
Interactions NpGa experiment Future investigations
Intraionic correlation, RS-coupling dominant Isomer shift>Np®*, Experiment: inelastic
CF state Np**—51 ,—T's Hord» €29Q—Ts, neutron experiment

susceptibility(Ref. 23  theory: calculation
within model Il (Ref. 42

Quadrupolar interaction ~ Weak Small induced electr.
field gradient

Anisotropy of magnetic Weak Theory: influence on
exchange CF state and omg,q
Hybridization exchange Dominates R(T) Kondo anomaly
Jh
Coulomb exchangéc Less important
Strength of 5 Weak compared to Slight decrease but Experiment:
delocalization UTe, increases under negative curvature of  photoemission

pressure Bis, S, [€29Q|; theory: band-structure

increase ofT 4,4 Up to calculation within
25 GPa with|AV/V,)| model 1l (Ref. 42

low ordered moment of 0/8; are typical features of a band is not present at all, the ordering temperature rises quadrati-
magnet. In contrast, for NpGawve favor the model of a cally (or even fasterwith |AV/V,|. In NpGa weak delocal-
localized magnet with only slight f5hybridization. The lo- ization of 5f electrons causes a reductionRy; (see Fig. 7,
calized model has already been suggested from bulk mea&ep) and leads to only a linear increaseTj,y4. Surprisingly
surements at ambient pressate. the slope ofT,, (@,M) increases at higher pressurgee

We find further support from a comparison of the volumeFigs. 6 and Sec. IV C below However, the slope of the
derivatives of the magnetic ordered momenj},, the order-  ordering temperature above 9 GPa has to be treated with
ing temperaturd .4 and the electron density at the nucleuscaution since it was derived by assuming that the inflection
p(0) with other compounds. This is shown in Table Ill. point of the resistancél) also coincides withT 4 in the
DyAl,, NpCo,Si,, and NpSpg are considered as localized 4 higher pressure randsee Sec. Il €. At present it is unclear
or 5f systems, NpAs and NpAkre grouped in the interme- if this assumption strictly holds also in the high-pressure
diate range and NpQss classified as a 5band magnet’  regime.
The positive sign of-d In Ty, ¢/d In V and the weak volume The variation of the electron densip(0) at the nucleus
dependence of,4 as found for NpGgusually exclude the with volume derived from the isomer shift gives us a further
model of a band magnét.Due to the large spin-orbit cou- clue how effectively the & states hybridize under pressure.
pling in localized as well as in itinerantfSmagnets the or- In Refs. 4 and 5 it was suggested thdt &ectron delocal-
dered momenj.,= ug(L,—2S,) is composed of an orbital ization leads to a less effective screening of the outersNp
as well as a spin contribution of opposite sign. In the lightand p,;, electrons by the b electrons and thus to a strong
actinides the orbital part is in most cases larger than the spimcrease ofp(0). Such a behavior is indeed observed in
contribution, even in band magnétsWhen pressure is ap- NpOs,. This mechanism is supported by theoretical band-
plied to an itinerant  magnet the 5 band broadens and the structure calculations performed for UTe with varying vol-
orbital part is quenched much more effectively than the spirume of the unit celf? According to Ref. 42 pressure-induced
contribution. This causes a reduction of the total momen&f delocalization causes a loss of Spectral density in real
under pressur® The suppression of the moment and thespace, i.e., the Bwave functions are more extended outside
broadening of the 6 band lead to a decrease Bf,. of the core region. As a consequence the magnetic moments

For NpGa the slope ofd In T,/ —d InV=+6 is compa- are reduced. This also leads to a much stronger increase of
rable to the other localized systems in Table lll. In Fig. 7 thep(0) than observed for localized rare-earth systems such as
saturated magnetic hyperfine fiegl;, the ordering tempera- DyAl, and EuAb.** However, the still weak volume depen-
ture T4, the isomer shifS, the coupling constaré’qQ of  dence of the isomer shift in NpGaxcludes all models as-
the quadrupole interaction, and th#a ratio (b/ax|dR/  suming astrong5f delocalization, which would be found in
dInT|) are plotted against volume change. The small de5f band magnets like NpQr intermediate valence sys-
crease Ofuyq by less than 4% suggests that thediates are  tems. The negative curvature of tBeversus volume curve is
weakly hybridized between ambient pressure and 9.2 GPa hint that § delocalization may become more significant
The negative curvature observed By; (see Fig. 7, topis  above 9 GPa.
probably due to the onset of a strongef 8elocalization The absolute value of the induced electric quadrupole
above 9 GPa. The ordering temperature showeear vol-  coupling constanite?qQ| shows a similar negative curvature
ume dependence below 10 GPa. This again is a strong indin its volume dependence &;; andS. We suggest that the
cation for (weaK delocalization of 5 electrons. In the sys- decrease ofe’qQ|, B,; andS is driven by a slight pressure-
tems NpCegSi, (Ref. 29 and EuA},** where delocalization induced delocalization of thefSstates. A decrease of these
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Hund’s rule ground staté?>?°The crystal-field CF) I'; state

850.‘ ’ R is compatible with the experimental valuesugfy ande’qQ
—~ 3407 - at ambient pressure and wifla.; derived from the Curie-
e 330_‘ §7 - T . Weiss behavior of the magnetic susceptibifityOn the other
m"ﬁ ! %'\_% I hand, x4 could partly be quenched by Kondo compensa-
320+ - tion. As will be discussed below our high-pressure data prob-
x = ably exclude this possibility.
] e Because of the low value of the induced quadrupole cou-
< 1007 @5;5;_' - pling constanie?qQ| found in NpGa we neglect the qua-
=~ i %bi"/ B drupolar interaction between thd &lectrons of neighboring
j 80 - " Np atoms and the anisotropy of the magnetic exchange in-
60:( I teraction. Both effects can be present when tliecBharge
£ = distribution is strongly anisotropic. They are assumed to be
. 6-a L important, e.g., for the pnictides of the light actinidésn-
N T TS - deed the Np pnictides NpAs, NpSbh, and NpBi show a high
g 4: L I value of the induced quadrupole coupling consféetween
\E/ 24 F\va—\‘ L —29 and—31 mm/s(Ref. 46]. In contrast for NpGathe
0 1 " absolute value 082qQ is below 4 mm/s at all pressures and
0] I ._ temperatures investigated. This hints at a weak charge an-
o 01 i isotropy. Furthermore NpGas likely to be only weakly an-
E -1 F isotropic in the ferromagnetic phase as has been found for
g  _ol ;E%j% i the isostructural Npip?’
; gy - %;% i The spin-exchange interaction of thé &lectrons with the
o 1¢- band electrons can either be driven by an antiferromagnetic
© -4y T hybridization exchange or by a ferromagnetic Coulomb
0.10 e C exchangé® The Coulomb exchange dominates in the local-
1% ized rare-earth systems, where no hybridization of tlie 4
N 0 05_: ‘. . - electrons is preseft. To our knowledge a resistivity Kondo
< T .o anomaly has never been observed in these systems and is not
] : expected from theoretical models if the Coulomb exchange
009 -~ dominates>'® The presence of the Kondo anomaly in
0.00 0.04 0.08 NpGg; therefore suggests that the hybridization exchange is
AV /Y| the more important mechanism in our case.

FIG. 7. Magnetic hyperfine fielB; at 4.2 K, ordering tempera-
ture T,,q, isomer shiftS relative to NpA}, quadrupole coupling
constane?qQ at 4.2 K, and thév/a ratio of the resistance, plotted
versus volume change. Since our fitteth ratios only reflect the
trend of thedR/d In T dependence on volume, error bars have been

omitted.

The question arises whether the antiferromagnetic ex-
changeJ, also leads to a Kondo compensation @f4
(1.6ug) relative to the free-ion valu€.6ug). This is an al-
ternative mechanisrtbesides % delocalization or CF inter-
action which may explain the reduction @f,4. We exam-
ine this possibility by comparing the volume dependence of
Hord> Tords andld R/d In T| with what is expected from the
Doniach modef?

parameters has also been observed for NpAs and a similar

interpretation has been givéhFor the further discussion we
assume, therefore, a weak interaction between thenb-

ments and the conduction band.

B. Magnetic interactions

In Sec. IV A we ruled out the model of af and magnet.
In this section we try to answer by which mechaniggy
(1.6ug) and e?qQ (—3.1 mm/3 are reduced relative to the
free-ion valueq2.6ug and ~—27 mm/s, respectively For

Model | (Doniach model)

The model is described in the appendix. The increase of
Torg and the decrease @f,,4 can be explained by assuming
that the model parametek,/W is below the critical value
J/W<(J,/W). at ambient pressure and increases with re-
duced volume, as in CeAlj.However, in contrast to CeAg
and CeA},'® in NpGa, the resistance anomalgR/d In T|
decreases and finally breaks down at elevated pressure. The
volume dependence df,4 and of [dR/d In T| can also be

an understanding of the volume dependences of the hypeunderstood ifJ,/W>(J,/W). at ambient pressure and if
fine parameters, the magnetic ordering temperature, and Jf/W decreases under pressure. However, this is unlikely, as
the resistance behavior of NpgGiaiis crucial to examine the an estimate showgee Appendix Furthermore, a decrease
interactions which have been found to be important in acof J,/W would probably coincide with an increase gf,q
tinide systemé*%° Some of these interactions are listed in (Ref. 48 in contrast to our observation. We suggest that the
Table IV. saturated moment is reduced rather by CF interaction than by

If we assume localized f5states the values of the isomer Kondo compensation and that the volume dependengg, gf
shift at all pressures suggest aNmonfiguration with @1,  andT,4 can be explained within model I1.
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Model Il (5f electron delocalization) cause a band gap at the Fermi surf3{cA. reduction of the

To establish an alternative picture for NpGee compare  1atticeé symmetry can be caused by an amplitude modulation
its pressure behavior with that of UT&>°In UTe, T4 in- of the magnetic moments or by an annferro_magnenc ar-
creases at low pressures, shows a maximum7ab GPa and rangement of the spins with momentsafeamplitude. The

decreases at higher pressures. The resistivity anomaly disaflossbauer results exclude the first possibility, since the fits

pears at~4 GPa. According to the theoretical work in Ref. With only onehyperfine field are in good agreement with the

42, an increase of the hybridization and thus of the magnetigata' Our_ measurements at elevated pressure _furthermore re-

exchange interaction raisdg, 4. At the same time an en- veal that in the AF phase the ordered moment is not reduced
d-

hanced 5 delocalization reduceg, g with reduced volume, anymore, in contrast to the situation at a'mbient pressure.
which weakens magnetic order. This competition was proTh'S increased ordered moment and the different resistance

posed to be responsible for the maximum in The, versus behavi_or at the phase 'Fransition above 0.2 GPa suggests that
volume curve of UTe. We invoke the same magnetic mechal® SPIn arrangement in the AF phase changes under pres-
nism for NpGg. We suggest that thefSstates of NpGaare ~ SUré _
less hybridized than in UTe so thag, increases even up to The Iow-temp_erature drop of the resistance at e'Ievated
25 GPa and shows a maximum at still higher pressures. THY€Ssure could either be due to a reduction of the spin-wave
relatively weak 5 delocalization was already concluded SCattering with decreasing temperature in the AF p?ﬁase
from the volume dependence &, Toq, and S in Sec. it coglq be .ca{used by an ant[ferro— to fe_rromagnéAE—F) .
IVA. Unfortunately, to our knowledge the resistivity transition similar to the situation at ambient pressure. Since
anomaly has never been investigated theoretically withif€ temperatureA) where the drop appears shows no corre-
models including $ delocalization effects. We suggest that 'ation to the increase of 4 (@ M) with pressure we favor
the decrease dfiR/d In T| with reduced volume, also ob- the second alternative.
served in UTE® NpSb>! and NpAs>? might be driven by
increasing charge fluctuations of thé States. Since we ex-
pect a small increase of thef Slelocalization with reduced
volume in NpGa (see Sec. Il A, these fluctuations certainly ~ We suggest that the different pressure behavior of NpGa
play a major role. However, they are underestimated by theyith respect to the Kondo systems CeAhd CeAg is due to
Schrieffer-Wolff transformatiofi>>* on which model | is a larger delocalization of the NpfSelectrons compared to
based. Therefore, it is not surprising that model | fails tothe Ce 4 electrons. For this reason the Doniach picture does
describe certain U or Np systems. Since thie siates in  not apply. On the other hand, because of the still small pres-
compounds of the light actinides are usually more delocalsure variation of the isomer shift and of the ordered moment
ized than the Ce #electrons)’ it is consistent to assume that and due to the increase ®f,4 up to 25 GPa the degree of 5
model | is a good description for Ce intermetallics but not fordelocalization is lower than in UTe.
NpGa or UTe. Our suggestions concerning the relevance of sevefal 5
interactions are summarized in Table IV. The strength of the
5f delocalization could be studied by a photoemission ex-
periment. A comparison of the photoemission results with
In Fig. 6 the ordering temperature derived from thed#to CeAg, CeA}, and UTe may provide a test for our prediction
bauer (®) and resistanc@) data, and the temperature that the 5§ states of NpGaare more delocalized than the Ce
where the sharp resistance drgp) occurs are plotted 4f states but less hybridized than in UTe. Furthermore, a
against volume change. The figure also shows our suggestidheoretical investigation within model (Ref. 42 of the 5f
for the magnetic phase diagram. The magnetic hyperfindelocalization and of the foscreening effect on the electron
fields as a function of temperatufgee Fig. 3, the resistance density at the nucleus would provide a deeper understanding
drop (A) and the inflection poin{ll) at the ordering tem- of the dependence of the isomer shift oh &elocalization.
peraturgsee Fig. »are the main features on which the phaseTheoretical investigations could also examine whether the
diagram is based. decrease of the size of the induced quadrupole interaction
If we took the Masbauer results alone we would be and of the resistivity slop@&p/d In T| with reduced volume
tempted to argue that the absence of the smaller hyperfinean be explained within model Il by a slight increase of the
field above 50 K and under pressysee Fig. 3indicates the 5f charge fluctuations.
disappearance of the antiferromagnéf&) phase. This was A high-pressure resistivity study on the isostructural but
observed at ambient pressure with applied magnetic fielpossibly more localized compounds NplRef. 5 and
rather than pressufé.In our case we would expect the re- NpSr (Ref. 10 would show whether these systems can be
sistance drogA) to shift towardsT,,, (@,W), since such a described within the Doniach picture. An inelastic neutron
drop is usually characteristic of a ferromagnetic phaseexperiment would be able to verify whether the CF model
transition®® However, the temperature of the drép) is  which is usually applied to localized systems is also a proper
below T, (@,H) by more than 15 K at all pressures and is approximation for NpGa The question how anisotropicf 5
constant up to 10 GPa, whereas,, (®,l) strongly rises hybridization influences the CF states could be examined by
with increasing pressure. Moreover, above 5 GPa the inflectheory®®>°
tion point (M) at the onset of magnetic order is highly un-  Our suggestion of a magnetic phase diagram should be
usual for a ferromagnetic phase transition. This behavior ighecked by elastic neutron diffraction. Unfortunately up to
rather characteristic of an antiferromagnetic transition, whicmow high-pressure neutron experiments are not available for
leads to a larger unit cell of the cryst@upercell and may Np compounds for safety reasons. AC susceptibility mea-

V. CONCLUSIONS

C. Magnetic phase diagram
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surements at high pressure might provide a test for our sugng that the model parameted,/W increases under
gestion that the AF-F transition is still present at elevatecpressur€®*°If J,/W is smaller than a critical valuel{/W),
pressure. then T,4 rises at low pressures, goes through a maximum
and decreases at sufficiently high pressures. In this case a
ACKNOWLEDGMENTS resistivity Kondo anomaly can appear under pressure as, €.9.,
in CeAg or CeCyGs,. If J,/W is above (/W) at ambient
We wish to thank M. S. S. Brooks and G. H. Lander for pressure, a decrease ©f,q and an increase dfip/d In T|
illuminating discussions. The high-purity Np metal requiredshould occur under pressure as in CeRl
for the fabrication of NpGawas made available in the o
framework of a collaboration with the Lawrence Livermore Estimation of the volume dependence o8,/W
and Los Alamos National Laboratories and the U.S. Depart- |t is discussed why we expect the model paramatéw
ment of Energy. This work was funded in part by the Ger-to increase under pressuigee Sec. IV B, model)l Accord-
man Federal Minister for Research and Technol@MFT)  ing to Ref. 2 in ArX; compounds the BhybridizationV,¢ is
under Contract No. KA3TUM/A.4-KO03. Support given to mainly determined by the mixing,; between the 6 and the
some of us(S.Z., V., D.B., J.C.W. by CEC is also ac- ligand p electrons. Thus to estimate the volume dependence

knowledged. of Jy/W we can replacé/,r by V. According to a com-
bined muffin-tin theory with transition pseudopotentials a

APPENDIX: DESCRIPTION OF MODEL | AND ITS general matrix element,rm has been derivetf, which de-
CONSEQUENCES FOR NpGg scribes the hybridization between orbitals of angular mo-

mental,l’ (I,1'=0,1,2,3 fors,p,d,f orbitals, respectively
with the symmetrym of the bond(m=0 for o bond, m=1
In extended versions of the Doniach model which are apfor 7 bond, etg. If we assumen to be pressure independent
plied to Ce and actinide systems the competition betweel,:m shows the proportionality,,-mocd~(*""*1) with the
magnetic order and Kondo effect is controlled by the paraminteratomic distancd. Using this for NpGawe arrive at the
eterJ,/W, whereW is the bandwidth at the Fermi level and volume dependendépfocV‘5’3. The widthW of the conduc-
J,, is the exchange parameter due to the hybridization betion band scales with > for d electrons or a lower power
tween the 5 and conduction electrorts.The hybridization  of (1/V) if only s andp electrons form the conduction band.
exchange parameter, is given by J,=|V,g/?U/ If Eg and U are pressure independent, we obtain
[Esi(Es+U)].*® V¢ is the corresponding hybridization J,/WeV~°3 Thus if (J,/W) was supposed to decrease un-
matrix elementJ the Anderson correlation energy, aBg; der pressure, the factdd/[Eg¢(Es;+U)] would have to
is the energy of the Belectrons relative to the Fermi level. overcompensate the increase Wy>. This would be pos-
In this model the anisotropy &k, andV,¢, i.e., their depen- sible, if the 5 energy decreases strongly relative to the
dence on the magnetic quantum number of the electroni€ermi level. It would mean that thef5electrons become
state of the ion is neglected. Furthermdfds derived by the  even more localized under pressure. As another possibility,
application of the Schrieffer-Wolff transformation to the the correlation parametdy could strongly decrease. This,
Anderson Hamiltonian, which might underestimatd 5 however, would lead to a considerablé Selocalization.
charge fluctuation&°3% Both mechanisms are in contradiction to our discussion in
For many Ce compounds the pressure variatiorTQff  Sec. IV B. Therefore we expedt/W to increase when vol-
and the Kondo temperature can be well explained by assumu#me is reduced.

Model |
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