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The magnetic structure and magnetic phase transitions of g&Pcompound are investigated by means
of neutron powder diffractiofNPD) and small-angle neutron scatterif§ANS). Both NPD and SANS
indicate the existence of two magnetic phase transitions at 25 K and 42 K. Refinement of the crystal structure
based on the high-resolution NPD data shows that from room temperature to 1.6 K the compound maintains the
SmyGey-type structure Pnma Z=4), in which Ge atoms occupy twocdsites and one @ site and Pr atoms
occupy two &l sites and one @ site. Refinements of the magnetic structures reveal that the two magnetic
transitions essentially correspond to the long-range orderings of the Pr moments on different crystallographic
sites. The Pr moments on the 4ite order ferromagnetically witAn’ma’ symmetry at 42 K and induce small
ordered Pr moments on the& &ites. The long-range ordering of the Pr moments on thsits develops at 25
K with Pnm'a’ symmetry. The separate ordering of the Pr moments on different crystallographic sites can be
readily understood by the salient difference in the rare earth metal environments between the different crys-
tallographic sites. The Pr moments on the €te in PEGe, compound align along the axis, in contrast to
other reportedRsGe, compounds, and can be attributed to the contribution of higher-order terms of crystal-
field to magnetocrystalline anisotropy of the varidRistoms in theR;Ge, compounds.
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[. INTRODUCTION ent & sites (four on each 8 site) forming a slightly dis-
torted cube that shares edges with each other to form the
Interest in theRs(Si,Ge), pseudobinary alloysR=rare  slab. The Si or Ge atoms inside the slab form partially cova-
earth has been revived recently owing to the discovery of a€nt bonds, and the other Si or Ge atoms locate on the surface
; i ; ; f the slab. In GgSi, the slabs are all interconnected via
giant magnetocaloric effedtMCE) in Gds(Si;_,Ge), by O U >4 .y o
Pecharsky and Gschneidrirwhich is attractive for its po- Partially covalent interslab Si-Si bonds, while in §&k; all
) o . ) . he interslab Ge-Ge bonds are broR&ikor the purpose of
tential application as magnetic refrigerants. The giant MC

. . h _ i onstructing a magnetic structure model, only the magnetic
in Gds(Si,—,G8) 4 Shows a maximum at a specific tempera- are earth atoms are considered, and the structure can be

ture tunable by adjusting the Ge confeand is essentially yiewed as composed of two-dimensional slabs consisting of
due to simultaneous first-order structural/magnetic phasghe edge-shared cubes and interconnected by shorter bonds
transitions near that temperatdré These transitions also betweenR atoms on two different & sites. Figure 1 illus-

lead to a strong magnetoelastic effecand giant trates the crystal structure of J&e,.

magnetoresistance®f the compounds. Similar effects were ~ The magnetic structures of only a fe®¢Ge, compounds
observed in otherRs(Si,Ge), alloy$” and recently in were studied by neutron diffraction—i.e., e,
GdSn,.® Knowledge of the magnetic structures of theseHosGey,'* and NdGe,.** Recently the magnetic structures
compounds is indispensable for understanding these intrigl2f TPs(SkGei-), were investigated by Ritteet al.”* and

ing field-dependent properties of the compounds. Howevef0Se of N@Si, and NaGe, by Cadogaret al- Itis intrigu-
such knowledge remains largely unknown, althowySi, ing to notice that, unlike the crystal structure, the magnetic

. . structures of RsGe, belong to different magnetic space
and RsGey compound; were discovered and their crystalgroups depending on the rare earth—e.Bnma for
structures were identified over 30 years dgo.

: ) e ) ThsGey, Pn'm’a’ for HosGey, andPnm’a’ for Nd;Gey .
RsSi, crystallizes in either the tetragonal s&i,-type  |n addition, neutron diffraction studies reveal that there are
structure (space groupP4,2,2) or the orthorhombic two magnetic phase transitions in §&e, and ThGe,. Two
GdsSiy-type structure(space groupPnmag depending on magnetic phase transitions are also evident §GBy in the
whetherR is a light or a heavy rare earth metal, whereas alltemperature dependence of the magnetization in a field of
RsGe, compounds crystallize in the orthorhombic 500 Oe'® As temperature increases, the magnetization curve
SmyGey-type structure(space groufPnma).®*° The struc-  exhibits two sudden drops dt.=25K andT{=41K, re-
tures of GdSi, and GdGe, as well as their difference were spectively. A large magnetoresistan@ep/p) was observed
nicely illustrated by Pecharsky and GschneiddeBoth  (about 25% at 24 K and 15% at 40) ka the presence of a
structures are basically built from equivalent layéstabs magnetic field of 5 T.
that are infinite in two dimensionsa(andc). The Gd atom PrsGe, crystallizes in the SgGe, structure. Detailed
on the £ site is coordinated by six Si or Ge atoms forming crystallographic data, including lattice parameters, atomic
a distorted octahedron and by eight Gd atoms on two differpositions, and bond lengths derived from x-ray powder dif-
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FIG. 1. Crystal structure of B&e,. Small and larger balls stand
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FIG. 2. Observedcrossesand calculatedsolid line) intensities
for Prs;Gey at 295 K. Differences are shown at bottom of the figure.
The vertical bars indicate the Bragg positions.

3°-168° with a step of 0.05°. The structure refinements
were carried out using the prograssas?°

III. RESULTS AND DISCUSSION

Neutron diffraction at room temperature confirms the in-

for Ge and Pr atoms, respectively. The bonding between Ge and Rfestigated RiGe, to be paramagnetic and to crystallize in
at the £ site (Pr3) and the coordination cube of Pr atoms around the SmGe,-type structure Pnma Z=4). The derived lat-

the Pr atom at the et site are illustrated. Prl and Pr2 denote Prijce constants from the structure

atoms located on the two differenti&ites.

fraction (XRD) data, were reported by Yaret al’® In the

refinement aae
=7.9172(4) A,b=15.1916(7) A, anc=8.0112(4) A, in
good agreement with the XRD resutt$? No structural tran-
sitions were detected between 9 and 295 K.

present work we focus on the investigation of the magnetic Figure 2 shows the experimental and calculated NPD pat-
structure of PyGe, by means of temperature-dependentterns of the PyGe, compound at room temperature. The re-

small-angle neutron scatterif®ANS) and neutron powder
diffraction (NPD).

Il. EXPERIMENT

The sample of polycrystalline F&e, was prepared by
arc-melting the mixture of pure metal componetwsth pu-

fined structural parameters amifactors of the refinement
for Pr;Ge, are listed in Table I.

Figure 3 shows the magnetic diffraction patterns obtained
by subtracting the data at 26 and 9 K, respectively, from the
data taken at 60 K, well above the magnetic ordering tem-
perature. The magnetic Bragg peaks can be indexed on the
nuclear unit cell. The temperature dependence of the peak
intensity of the overlapping131) and (040 peaks and the

rity better than 99.9% for Pr and 99.9999% for Ge fromintegrated intensity of thé010) peak measured on BT-7 dur-

General Research Institute for Nonferrous Metals, China

ing warming are shown in Fig.(d). The temperature depen-

a water-cooled copper hearth under an argon atmosphere dence of the peak intensity of th@31) overlapping the
described previousk?° All the neutron experiments were (040 peak is very similar to the low-field magnetization
performed at the NIST Center for Neutron Researchcurve reported in Ref. 18. Two steps are evident: one occurs

(NCNR). SANS measurements over thg range from

at ~25 K and the other at-42 K. Both temperatures coin-

0.008 A" to 0.132 A" were carried out using the NG-1 cide well with the magnetic transition temperatures derived
8-m SANS instrument with an incident neutron wavelengthfrom the magnetization measurements. TB20) peak is a

of A=8 A and resolution ofAN/\=0.14. The magnetic or-

purely magnetic one, and on warming its integrated intensity

der parameter and coarse-resolution magnetic diffraction pastarts to appear at about 15 K when t481) and (040 peak
terns were determined on the BT-7 spectrometer with dntensities begin to decrease prominently. The intensity in-
wavelength of 2.4649 A. NPD data for refinement of thecreases rapidly, reaches a maximum at about 32 K where the
magnetic structures were collected on the high-resolutionower step of thg131) and (040 peak intensities obviously

32-counter BT-1 diffractometer. A @811) monochromator

decline. The010) peak then disappears at the magnetic tran-

was used to produce a monochromatic neutron beam dfition temperature'l'g=41 K.'® The evolution of the mag-

wavelength 1.5402) A. Collimators with horizontal diver-
gence of 15, 20', and 7 full width at half maximum of arc

netic (010 peak strongly suggests a change of symmetry of
the magnetic structure.

were used before and after the monochromator and after the Small-angle neutron scattering is particularly sensitive to

sample, respectively. Data were collected in tieréhge of

the ferromagnetic component of a magnetic structure, and
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TABLE I. Crystallographic data and magnetic moments gfG®; at room temperature, 50 K, 30 K, &® K derived from refinements
of the high-resolution neutron diffraction datay,z are fractional coordinates of the atoms in a unit déll, is the isotropic temperature
factor, anduy, uy, u, are components of the magnetic moment alongathle, ¢ directions, respectivelyR, andR,,, are residuals of fitting
to the pattern and weighted pattern, respectivefyis a “goodness of fit” indicatorRef. 20.

9 K& 9K 30 K 50 K Room temperature
a A 7.90992) 7.91052) 7.91142) 7.91173) 7.91724)
b () 15.14415) 15.145%3) 15.14043) 15.14097) 15.19167)
c (R) 7.99683) 7.99733) 7.99662) 7.99433) 8.01124)
Vv (A) 957.927) 958.154) 957.843) 957.647) 963.558)
Ge (4c): x 0.90884) 0.90964) 0.91024) 0.90984) 0.91214)
y 1/4 1/4 1/4 1/4 1/4
z 0.10814) 0.10784) 0.107%4) 0.10834) 0.10794)
100U 0.337) 0.587) 0.537) 0.448) 0.927)
Ge (4): x 0.17814) 0.17864) 0.17844) 0.17714) 0.17844)
y 1/4 1/4 1/4 1/4 1/4
z 0.630@4) 0.630Q4) 0.63084) 0.63134) 0.63134)
100U, 0.167) 0.177) 0.287) 0.268) 1.078)
Ge (8&d): x 0.22243) 0.22223) 0.22283) 0.22243) 0.22093)
Y 0.95411) 0.95411) 0.95461) 0.95472) 0.95542)
z 0.52913) 0.52913) 0.52963) 0.53043) 0.532@3)
100U, 0.225) 0.344) 0.245) 0.255) 0.995)
Pr(1) (8d): x 0.11634) 0.11644) 0.11584) 0.11685) 0.11965)
y 0.11392) 0.11412) 0.11433) 0.11393) 0.11473)
z 0.33765) 0.33685) 0.33725) 0.337%5) 0.337@5)
100U o, 0.0 0.0 0.048) 0.4009) 0.909)
Hx (1B) 2.506) 2.406) 0.616)
My (mB) 0.335) 0.405) 0.587)
w, (ug) —0.79(5) -0.87(5) —0.44(13)
# (up) 2.646) 2.585) 0.958)
Pr(2) (8d): x 0.97215) 0.97174) 0.97265) 0.9745%5) 0.97875)
y 0.10072) 0.10062) 0.10032) 0.10083) 0.10073)
z 0.81925) 0.8195%5) 0.82025) 0.82015) 0.819@6)
100U, 0.0 0.0 0.218) 0.129) 0.899)
Hx (1B) 2.265) 2.139) —0.11(6)
1y (1) —0.33(5) —0.40(5) 0.269)
#z (1B) 1.425) 1.485) —0.16(14)
w (1g) 2.696) 2.635) 0.3211)
Pr(3) (4c): x 0.28607) 0.286Q7) 0.28627) 0.2855%8) 0.287Q9)
y 1/4 1/4 1/4 1/4 1/4
z —0.00056) —0.00046) 0.002@5) 0.00416) 0.00227)
100U, 0.0 0.0 0.2610) 0.0911) 1.0712)
My (1B) 0.507) 0.0 0.0
My (1B) 2.697) 2.647) 2.74(7)
g (ug) —0.28(8) 0.0 0.0
# (uB) 2.757) 2.667) 2.747)
Rp(%)/pr(%)/X2 3.83/4.56/1.048 4.21/4.70/1.083 3.55/4.13/0.945 4.15/4.67/0.948 3.51/4.07/0.885

aRefinement results of the magnetic structural model with symnfetd2/a’, in which the Pr atoms on thed8site (x,y,z) in Pnmaare
split into two 4e sites inP112 /a: (x,y,z) and &, —y+ 1/2z) with moments fu,,u,,u,) and (uy,—umy,u,), respectively, whereas the
Pr on the £ site inPnmaoccupy the 4 site inP112; /a with fixed y=1/4 and its moment follows the112j/a" symmetry(see text For
the sake of comparison, the site symbal 8 retained in the table.

Fig. 4(b) shows the temperature dependence of the SAN$he results from th€131) and (040 peak intensitiegFig.
intensity at two selected wave vectorsgpf 0.0102 A Y and  4(a)]. Two peaks are evident for the=0.0875 A" data at
q=0.0875 A"1. The data forq=0.0102 A"! exhibit two  ~25K and~42 K, respectively, suggestive of a spin fluc-
steps in agreement with the magnetization tatas well as  tuation at the magnetic phase transitions. A sharp increase of
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FIG. 3. Magnetic diffraction patter(crossesobserved afa) 26
and (b) 9 K, with good fits(solid line) using magnetic structural
models ofPn’'ma’ and Pn’'ma’+Pnm’'a’. Differences between

. 1000 | < R
observed and calculated intensities are shown at the bottom of each
figure, and the Bragg peak positions are indicated by vertical bars. 5001 1

Data were collected on the BT7 triple-axis diffractometer.

the ferromagnetic intensity below 25 K observed in the
=0.0102 A1 curve likely originates from domain or do-
main wall scattering!

The magnetic structures of B¢, at 30 K and 9 K were
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FIG. 5. Portion of the observed and calculated NPD patterns
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FIG. 4. (@) (131 and (040 magnetic Bragg peak intensities
(solid circles and the(010 integrated intensityopen circles, BT7
data and (b) SANA data atq=0.0102 A" (solid circles and
0.0875 A1 (open circles as a function of temperature.

nuclear and magnetidPn’ma’) fits at 30 K.(c) Both nuclear and
magnetic fits at 9 K. Vertical bars indicate the Bragg peak positions
for nuclear and magnetic symmet®nm’a’ for Prl and Pr2 at the
8d site (lower) and the magnetic symmetfn'ma’ for Pr3 at the

4c site (upped. (d) Fit with nuclear (positions of lower vertical
barg and magnetic symmetifiy112/a’ (positions of upper vertical
bars.

resolution NPD data. The lower-angle portions of the ob-
served and calculated NPD patterns at 50, 3@, @rK are
shown in Fig. 5. The crystallographic data and magnetic mo-
ments of the Pr atoms are listed in Table I.

Figure 6 shows the magnetic structure models fgGRey
at 30 and 9 K. For the sake of clarity only the Pr atoms are
depicted. At 30 K, the proposed magnetic structure complies
with the Shubnikov space gropn’ma’. The magnetic mo-
ments of Pr on the & site (Pr3) are arranged ferromagneti-
cally along theb direction with an atomic moment of
2.71(7)ug, a little smaller than the theoretical value for a
free trivalent ion &3.2ug). The reduced moment is prob-
ably due to crystal field effect€CFE’s). The three compo-
nents of the moment,, u,, u,) of the Pr on each & site
(Prl and Pr2are comparable. The sublattice of the Site
Prl (or Pr2 exhibits a canted magnetic structure in the
plane and couples antiferromagneticallyFM) with the
nearest Prl(or Pr) atoms along theb direction, which
makes a significant contribution to th@10 Bragg peak as
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FIG. 6. Magnetic structure
models for PsGe, at 30 and 9 K.
(a) Arrangements of thé compo-
nents(arrows of the Pr magnetic
moments. (b) and (c) Arrange-
ments of the Pr magnetic compo-
nents in theac plane(arrows and
b componentg+ and —).

L o Pr(l) oPr2) ~Pr(3)
@ (b) Yne=1/4 (©) Yoz =3/4

shown in Figs. 3 and 4. However, the total atomic momentsnents align ferromagnetically along thedirection.

are 0.95(7ug and 0.3(1ug for Prl and Pr2, respectively, The change of symmetry of the magnetic structure at low
much smaller than the theoretical value for a free trivalent Ptemperature was also observed in the;Sip compound:®
ion. As we discuss below, such small Pr moments on the 8 The magnetic structure of FBi, at 2 K was interpreted as a
sites are probably indicative of moments that are induced byhixing of two magnetic modes belonging to different space
the long-range ordering of the Pr moments on tles#e.  groups Pnm'a’ and Pn’m’a). Using the combined sub-
This scenario is consistent with the considerable diffuse ScabroupPllzl/a’ of Pn'ma’ andPnna’, the refinement of

tering at low angles at intermediate temperature in compatri : ;
) the magnetic structure of fBe, at 9 K was performed with
son to the low-temperature dasee Fig. 3 Recently, Mo- . _constraints on atomic position and magnetic moment to en-

rellon et al. reported a monoclinic ferromagnetic phase N rce pairs of Pr on thedlsites to comply with the svmmetr
ThsSi,Ge, compound, in which the moments of Tb2A and P ,p, The Pr at thedsit Py inp y y
Tb3A are much smaller than that of TBAConsidering that '~ ™M & - 'he Fratoms on the /Salve ((;(;/2 |2ndn(>r:1aiar;

in the monoclinic structure the chemical environments ofSPIt iNto two 4e sites in P112
Th2A and Tb3A in monoclinic TESi,Ge, are similar to T+ 1/2,2) with moments fu, uy, pz) and (ux, —py, Ka),
those of Pr1 and Pr2 in B&e,, while the chemical environ- "eSpectively, whereas the Pr on the gite inPnmaoccupy
ment of Tbl is similar to that of Pr3, it is reasonable tothe 4e site in P112 /a with fixed y=1/4 and its moment
attribute the diminished magnetic moments of Th2A andfollows theP112/a’ symmetry. A good fit to the NPD data
Tbh3A in monoclinic ThSi,Ge, and those of P1 and Pr2 in was achieved as shown in Figid. The resulting magnetic
Pr;Ge, to the same mechanism. structure is basically the same as the above two-sublattice

The proposed magnetic structure modeBaK involves  model(see Table)l The main component of the Pr3 moment
two sublattices: one consists of the Pr moments on the 4aligns ferromagnetically along thb direction with very

sites(Pr3) and follows the Shubnikov space groBm'ma’, small components on thac plane. The atomic moment of
and the other consists of the Pr moments on tdesB8es the Pr3 is 2.75(7)g and slightly deviates from thb axis
(Pr1, Pr2 and follows the Shubnikov space groBmm’'a’.  with an angle of 12°. The atomic moments of Prl and Pr2

This model gives a satisfactory fit to the NPD data as showmre 2.64(6xg and 2.69(6 g, respectively, and the largest

in Figs. 3b) and Hc). In comparison to the magnetic struc- components of the Prl and Pr2 moments align ferromagneti-
ture model at 30 K, the ordering of the Pr moments on the 4 cally along thea direction.

site does not change—i.e., ferromagnetically along lthe The two-sublattice model proposed for the magnetic
direction—and the atomic moment of Pf32.66(7) ug] is  structure of PyGe, at low temperature implies that the two
almost the same as that at 30 K. However, the ordering omagnetic transitions observed in the magnetization data and
the (Prl1, P2 sublattice is considerably different at low tem- the temperature dependence of the intensity of magnetic
perature: the symmetry changes fréhm'ma’ to Pnm'a’, Bragg peak correspond to long-range magnetic orderings of
the ordered moments of Pr increase to a value comparable the Pr moments on thec4site and on the & sites, respec-
that of Pr3—i.e., 2.58(%)g for Prl and 2.63(5)z for tively. The Pr moments on thec4site order at~42 K and
Pr2—and the principal components of the Prl and Pr2 mothose on the 8 sites at~25 K. The SANS data shown in
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375 T T T

T . ) and one on the @ site[Pr(2) or Pr(1)]—to the center Pr atom
f Pr(3)-Pr(2)

on the &l site [Pr(1) or PK2)] are obviously shorter than

those of other ligand Pr atoni®r(1) or P2)], leading to a

3701 @) 1 much longer average Pr-Pr distance for the Pr atoms on the

8d sites!® The shortest Ri)-Pr(2) distance corresponds to

the one interconnecting two Pr slabs as indicated in Fig. 1. It

},\}\L seems the ordering of Pr3 increases the Pr3-Prl and Pr3-Pr2
T distances due to the magnetostriction and reduces the Pri-

Ib\*\l Pr2 distance accordingly. The salient difference in the coor-

Pr(3)-Pr(1) dination environment of the Pr atoms on the gite and on

3601 § the 8d sites should be responsible for the different ordering

PP temperatures of the Pr moments on the two sublattices.
\/{,_,,Jf}”()—//lf It is noteworthy that the easy magnetization direction of
455 . ; . . . the Pr moments on thec4site is along theb axis and is

P o different from that in other reportelsGe, compounds®~1’
R <— Pr(1)-Pr(2) J 250 in which the easy magnetization direction of tRemoments
(b) A% on the £ site is perpendicular to the axis. Considering that

7| the reportedR5Ge, compounds crystallize in different mag-
netic space groups depending on the nature of the rare earth,
it is speculated that the electron configuration of the rare
earth metals may play a critical role for ti,Ge, com-
pounds to adopt the specific magnetic structukes:
[Xe]4f36s%;, Nd: [Xe]4f*6s?, Th: [Xe]4f%6s? Ho:
[Xe]4f16s?). Phenomenologically, the anisotropy of the
rare earth metal sublattice is essentially determined by the

3.65 Pr(3)-Pr(2) ]

Interatomic distance (A)

<— Pr(2)-Pr(2)

42

o <€— Pr(1)-Pr(1) | 3.58

Pr(1)-Pr(2) —>
<€—Pr(1)-Px(1)

3.57

Interatomic distance (A)
S
A

() eouEjsip olwojeIBlU|

<— P(1)-Pr(2)

—% ¥ 3.56

40 | | first-order anisotropy constaht;, which is derived as
«€— Pr(1)-Pr(2)

3
Kl=- §A200J< r2)(020) ~ 5AuBs(r *)(Oao)

Q 50 100 150 200 250 300

21
TK
® - ?A607J<r6><060>v

FIG. 7. The nearest Pr interatomic distances arour{8) Ra)

and distances between Pr and Pr of thosedasi@es(b) as a func- whereA,, A4y, andAg, are crystal-field coefficients deter-

tion of temperature, indicating some changes associated with thgined only by the crystallographic type,, 85, andy; are

magnetic order below 50 K. Stevens factors independent of the crystal structure, and the
termsa;(r"y(0,), etc., are characteristics of the rare earth

Fig. 4(b) for q=0.0875 A exhibit two distinct peaks re- ions. The second- and fourth-order Stevens facigrand 3,

sulting from the critical scattering around the transition tem-are comparable negative values fof PrNa®*, Tb®", and

peratures. The separate ordering of the Pr moments on diHo®", whereas the sixth-order Stevens factggsfor these

ferent crystallographic sites can be readily understood byare earth ions are distinctly different: 60990°, —37.99

taking into consideration of the coordination environment ofx10°, —1.212<x1(f, and —1.294x1° for PP*, Nd®*,

the Pr atoms in the structure. From the structural data liste@b®", and HS™, respectivel> Therefore, higher-order

in Table 1, it is easy to derive that the bond length betweerterms of the crystal field could be responsible for the ob-

Ge atoms at 8 sites—i.e., the Ge atoms on the surface ofserved magnetic structures of tReGe, compounds for dif-

the slabg(see Fig. lI—does not change much and the inter- ferent rare earth elements.

slab Ge-Ge bonds basically remain broken over the investi-

gated temperature range, which excludes any significant con-

tribut!qn of the Ge-Gen bonding to the .magne_ti.c phase IV CONCLUSIONS

transitions. The magnetism of §&¢, essentially originates

from the interaction between the magnetic Pr atoms, most Small-angle neutron scattering and neutron powder dif-

likely via the indirect Ruderman-Kittel-Kasuya-Yosida fraction experiments reveal that there are two magnetic phase

(RKKY) mechanisnf.A Pr(3) on the £ site is coordinated transitions in the RGe, compound at~25 K and~42 K,

by four Px1) and four P¢2) atoms on the 8 sites, forming a respectively, consistent with low-field magnetization

distorted body-centered cube. The interatomic distance frormeasurement$. Refinements of the magnetic structures

the center atom P3) to P(1) and P(2) ranges from 3.574 to based on high-resolution neutron diffraction data indicate

3.713 A at 9 K. Figure 7 shows the Pr-Pr interatomic dis-that the magnetic phase transitions originate from the long-

tances £4.3 A only) as a function of temperature. The dis- range orderings of the Pr moments on thesite and on the

tances of three ligand Pr atoms—two on the gite [Pr(3)]  8d sites, respectively. Between these two transitions the
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magnetic structure belongs to the space grempma’ with  the 4c site in PEGe, align along theb axis, which can be
small induced Pr moments on thel 8ites. Below 25 K, the  attributed to the contribution of higher-order terms of the
magnetic structure consists of two magnetic sublattices: ongrystal field to the magnetocrystalline anisotropyRxGe,

on the & sites withPn'ma’ symmetry, the other on thed8  compounds.

sites withPnm'a’ symmetry. However, the crystal structure

retains thePnmasymmetry over the investigated tempera- ACKNOWLEDGMENT
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