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The electron paramagnetic resonance of GdP, OI4 and of Inixed Cd, Eul „. ultraphosphates has beers'

studied. The Gd ultraphosphate shows a strong anisotropic structure, but the observed linewiidths of the
order of several-hundred gauss forbid a detailed analysis of the local symmetry of gadolinium.
However, mixed samples containing predominantly Eu'+ and 5 & 10 ' at. % of gadolinium show a
number of relatively narrow lines (linewidths: 5—10 G). The angular variations of the allowed and
forbidden absorption lines have been fitted to the spin Hamiltonian corresponding to Cs symmetry.
Eight different centers have been found, four of them being related to the others by two reflexion
planes. A refinement of the crystal structure of europium ultraphosphate EuP, Olg (monoclinic space
group P2, b

—C21, ) has been carried out by application of the least-squares method of calculation to
single-crystal x-ray data (8 = 0.040). The cell parameters are a = 8.744, b = 12.949 and c = 8.925 A, y
= 90.46', Z = 4. Crystal-structure studies show that the structiire consists of Po& tetrahedra sharing tops
in zig-zag chains running parallel to the b axis and P04 tetrahedra loops connecting the chains. The oxy-
gen atoms around the Eu atom form an eight-coordinate polyhedron. The correlations between the crys-
tallographic structure and the EPR results for rare-earth ultraphosphates are discussed in detail.

I. INTRODUCTION

Among all the iona which exhibit an EPH spec-
trum, the d!' and j iona are particularly interest-
ing when we are concerned by the local symmetry
of the environment of the ion. In fact, all sublevels
of the S states are generally observed in low mag-
netic fields for two reasons: (a) The zero-field
splitting is zero to the first order, and (b) only
high-order effects permit lifting the degeneracy of
the fundamental states "S or 'S. ' Therefore, a de-
tailed study of the angular variations of the absorp-
tion linea permits us in principle to recognize the
point symmetry alound the magnetic 1on.

Numerous experiments were performed on Gd3'

in various relatively simple lattices. For example,
Abraham et al. ~'3 and Bacquet et ul„studied this
ion in cubic symmetry; Rosenthal et al. 5' and
Banner ej eE. ~ studied Gd~ in a zircon structure
(DM point symmetry&; Hutchison et af. 8 and Bleaney
et gl. , o'o considered Gd~ in a presumed C» sym-
metry.

The present study of rare-earth ultraphosphatea
(REUP) by EPH method was thus primarily moti-
vated to acquire accux'3te informatioIl regarding the
environment of the rax e-earth ion. (In particular,
optical-absorption experiments on EuPSQ, 4' failed
to give the correct point symmetry for Eus' iona.

These optical experiments suggested that the site
symmetry for Eu' wa, s C„).

Qur experiments were performed concomittently
with a crystallographic study of Eup, G,4 and
GdPSQ, 4 because the crystal structures found by
different authors for single-crystal rare-earth
ultraphosphates were not in agreement with each
other„

In 3.969, Jaulmes " concluded an orthorhombic
lattice for LaP,0,4 (spa, ce group P„,2 or P„).

In 1979, Bagieu-Beucher et al. '~ studied the
series from lanthanum to lutetium and indicated
that these compollnds crystallize w1th three dlffex"-
ent structure types. The first type from lanthanum
to terbium (La, Ce, Pr, Nd, Sm, Eu„Gd, and Tb)
was found to be monoclinic with the space group

The second type (Tb, Dy, Ho„Er, Tm, Vb„
Lu, and Y) was monoclinic as well with the space
group C, or Ca&, . The third group (Dy, Ho, Er,
and g) crystallized with an orthorhombic cell and
spac6 gloup pg pi g~ ol' jg~q,

Danielmeyer and %eber studied Ndp5Q&4 as a
promising candi. date for an efficient Nd laser, and
contrary to Bagieu-Beucher's who typed it as mono-
clinic, they found that NdP, Q~4 crystallizes in the
orthorhombic system with a space gxoup P~ „,.

In 1972, Duc Tranqui. et a$. ' determined the first
structure with interatomic distances and angles of
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a rare-earth ultraphosphate (HoP, O«). They found
an orthorhombic unit cell with a space group P~, .

In 1974, Hong and Pierce reported the struc-
ture of YbP,O,4 (space group C», ) and Albrand et
al. ~7 found a pseudo-orthorhombic structure (space
group P»~, ) for NdP, O,4. This last result being in
a,greement with the conclusions reached by Bagieu-
Beuehel but ln disagreement with those of Daniel-
meyer and (IVeber, Albrand et aL. suggested two
hypotheses to explain the contradictory structures
obtained for NdP, O«. (i) Either the frequent
twinnings observed in the (001) plane could lead to
erroneous apace-group assignments, (ii) or NdP, O„
could be grown with different structures, the struc-
ture dependiQg OQ the gr'owing temperature.

The above results led us to be very cautious in
our study and consequently to determine the struc-
ture of the crystals used in our experiments.

Due to the width of the EPR absorption lines, no
definite result was obtained with GdUP crystals,
only a strong anisotropy of the spectra appearing.
Samples of mixed (Gd, Eu) UP were then grown,
the determlnatlon of the site symmetry and of tIle
parameters of the spin Hamiltonian were performed
with these crystals.

The sample preparation and the general features
of the EPH spectra and the angular va, riations a.re
given for GdP, O„and (Gd, Eu) P,„O„in Sec. II.
In Sec. III, the parameters of the spin Hami. ltonian
are determined first from perturbation formulas
using a, least-mean-squares-fit method, and then
compared to those obtained by a, direct diagonaliza-
tion of the spin Hamiltonian„KVe show that the
angular variations a.re in accord with crystallo-
graphic results giving a site symmetry C~. The dif-
fex'ent sites observed 1Q KPR experiments ax'6 then
anatyzed in See. IV by taking into account the re-
sults given by x-ray measurements. It is shown
that Gd' ions are related four by four by mirror
pla.nes.

H. EXPERIMENTS

A. Crystal growing

For the GdP, O,~ crystal growing, we used a
Gd~03 oxide purified by an ion-exchange technique
(purity: 99.999%). These crystals were grown as
described by Blanzat et aE. The single crystals
EuP, O, doped with trivaLent gadolinium were pre-
pared in the following manner: The oxydes Eu~O~
aQd Gdg03 lQ the ra,tlo of 5QQ ppm of GdpOgq wer'6
dissolved, eoprecipitated as oxalates, dried, ig-
nited, and then heated for 2 h in air at 14QQ C in
"morganite" boats. The purity of Eu20, oxydes was
99.999%,

The gadollQlum used fox' the crystal gr'owing con-
tained both odd isotopes ('5561, natural abundance
14.V8%"; '"Gd, natural abundance 15. 7l%%uo 8), and
even isotopes with zero nuclear spin.

B. Samples and experimental procedure

A careful exa,mination of the crystals with a
microscope revealed that the crystals mere well
shaped and multifaceted. The dimensions of the
cxystals used in EPB experiments are of the order
of Q. 5x Q. 5x Q. 5 mm „ their external shape j.s gjven
in Fig. ]. (R).

Anticipating the crystallographic results (Sec.
IVA), there are four molecules per unit cell in
ra, re-earth ultraphosphates, the number of rare-
earth iong being about 4x j02' ions per em~„There-
fore, 2. 5&& 10'4 Gd" ions are present in mixed (Gd,
Eu) UP samples and 5&&10' Gd ' ions are in Gd UP.

The experiments were performed at roon1 tem-
perature with a Varian 4502 spectrometer operat-
ing in the Ka band (35. 55 GHz) and in the X band
(9.2 GHz). The samples were carefully fixed in
the cavity which was itself well oriented in the mag-
netic field. The influence of a slight disorientation
of the horizontal plane in which the magnetic field
was rotated was studied for each angular variation.
Each angular variation was made at least three
times with different samples in order to verify the
correctness of the position of the sample and of the
cavity with respect to the magnetic field. The
angular variations were performed with H rotating
in the weLL-defined growing planes parallel or per-
pendicular to the z axis defined in Fig. 1.

C. Case of GdP50, „

A spectrum corresponding to H in the (x, y) plane
is given in Fig. 2(a) extending over 11.5 KG. Five
lines appear on the extremities of the spectrum
and the central part shows a very broad absorption
line with some structure. The linewidths are
greater than or equal to 9QQ G. The spectrum in
Fig. 2(R) can be compared to that represented in
Fig. 2(b) which was obtained with a mixed (Gd, Eu)
UP crystal giving well-defined Lines. The angu)ar
variations for GdUP are significant for the transi-
tions +2-+ —,. and + —,-+ —,

' for H rotating in the (x,
y) plane and for —30' &8&+30' and 60' &8& 120'.
That is, they are identical to those obtained with
(Gd, Eu) UP (8 = 0' corresponds to H tt x). Other
angular variations like the ones defined in Sec. III
were performed and gave mell-defined absorption
lines for very small angular va.riations so that a,

definite analysis of the symmetry was impossible
ln this ease.

D. Case of (Gd„t';u, ) UP

Mixed ultraphosphate was prepared in order to
get much more resolved spectra. . The concentra-
tion corresponded to x= 5&&10" . A iypieal spec-
trum obtained at room temperature is given in Fig.
2(b); all observed lines will be attributed in Sec.
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FIG. 1. (a) Typical
shape of the rare-earth
ultraphosphate crystals
used in the experiments;
(b) structure of one site
for Eus' showing the pseudo
mirror plane associate d

to the point symmetry C&

and the two pseudo mirror
planes (u, z), (v, z) relating
the environment of differ-
ent Eu3' ions. This struc-
ture was deduced from x-
ray analysis of the sam-
ples. Slight distortions
of this structure when Gd3'

ions are introduced as im-
purity in EuUP are de-
scribed in Sec. IVB.

3 2 0 -3

III 8 to the allowed transitions &M~ =&M = 1 of Gd'. Of
course no ine ul' due to Eu ' is expected to be ob-
served at this temperature. The linewidths vary

d 10 G during the angular variations.
st allA splitting of the lines is observed for almost a

orientations.
riation for HF' e 3 represents the angular variation or

vedrotating in the (x, y) plane. The 14 lines observe'
(H II x) correspond to two different si es

fol Gd ' For the other orientations, a sp i ing
deach line in o at t the most four lines is observe,

the separa ion et' b tween the outer lines is at the
most 80 G (the scale chosen in Fig. 3 does not per-
mit a representation of this splitting).

We must note that the angular variation for the
two roups of absorption lines are exactly sym-
metrical with respect to the axis
two groups

is 8=45' and that
the angular variation of one group au cannot be de-

uced from the angular variation of the other group
simpy y a rl b rotation of 90'. In particular, no sym-
metry axis exis s ints in the angular variations for one

u with respect to axes 8 = 0' or 90'. Since isgl oup wl
lack of symmetry axis is incompatible wiwith the hy-

that Gd ' is in a C~„symmetry site, it was
t nt to avoid any misorientation o e

ples ere ' ' ' s checkedples Therefore, this angular variation was
for three different samples.

It must be noted that the intensities of the lines
varied considerably during the angular variation
and particularly the lines M~: +~-+ 2 an M~.

The indexation of the lines correspond-ein e
r in theing to a ransi it t sition M» M —1 is arbitrary in e

10000 G
I

15000 G
I

GdUP H isFIG. 2. a s( ) EPR spectrum obtained with G

) lane at —2' from the x direct&on; (b ) EPR
d Eu) UP the same condi-spectrum obtained with (Gd, Eu

tions as for (a).

sense that the sign for M~ was not defined from
experiments a ower et 1 temperatures (the indexation
was determined from the theoretical results given



1004 PARROT, BARTHOU, CANNY, BLANZAT, AND COLLIN

18

(Gd Eu)P&0&4
T-300 K F-3 5550MHz

16

M
~ 15
lg
0)
g 14

13.
D

11.
O
I- 10
UJ
R
(g 9

8

;30 ,0,30,60
ANGLE {deg)

,90

FIG. 3. Angular variations of the authorized absorp-
tion lines for Gd3' in (Gd, Eu)UP. 8 is rotated in the
(x, y) plane, 0 = 0' corresponds to H II x.

in Sec. III). The angular variation for 30' &8 &60'
was carefully performed in order to recognize the
lines during the crossings.

Figure 4 gives the angular variation for H rotated

in the plane (v, z). In this case, the accurate ori-
entation of the samples was performed by compar-
ing the spectra obtained for H II v in Figs. 3 and 4;
a slight misorientation of the samples gives very
different spectra for the absorption lines appearing
at higher magnetic field. The angular variation is
given for four different groups of absorption lines
in Fig. 4. Each group shows two absorption lines
separated at the most by 50 G while the overall
separation between the groups can attain 1500 G,
as it can be seen in Fig. 4 for the transition M~:

7 5
2 2+

Forbidden transitions whose intensities show a
strong angular dependence appear for 6500&H& 7100
G. The origin of these lines will be defined in Sec.
III.

A careful examination of the experimental angular
variations of the eight different sites shows that
they can be approximately deduced from the angular
variation of one site taken as origin by rotations in
the (z, v) plane of 0. 5'+ 0. 5', 5. 0' + 0. 5', 5. 5'
+0. 5, 6, 0'+0. 5', 6. 5'+0. 5', 11.0'+0. 5', and
11.5' + 0. 5' (the approximations needed for this
description of the eight sites will be studied in
greater detail in the following sections).

Figure 5 shows a spectrum giving very clearly
the eight absorption lines corresponding to the dif-
ferent sites for Gd~.

Figure 6 represents the angular dependence when
H is rotated in the plane (u, z). In this case as well,
the spectra are complicated by the existence of
eight different sites.

Several angular variations were performed with
the spectrometer operating in the X band. Given
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FIG. 4. Angular varia-
tions of the authorized ab-
sorption lines for Gd ' in
(Gd, Eu)UP. H is rotated
in the plane (u, z), 8 = 0'
corresponds to H II z.

I
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FIG. 5. EPR spectrum
of (Gd, Eu)UP showing
clearly the existence of
eight different sites equal-
ly populated. H is in the
(n, z) plane at+30 from
the z axis.
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the complexity of these angular variations, they
will be represented and interpreted in Sec. III
from the theoretical angular variations computed
from the coefficients of the spin Hamiltonian ob-
tained from the experiments in the Ea band.

The hyperfine structure due to odd isotopes was
not observed in our experiments. This fact was

probably due to the smallness of the hyperfine con-
stants (A-5x 10 4 cm t for Gd ') and to the width of
the absorption lines (5 to 10 G for mixed UP). Of
course, the relatively small number of Gd3' ions
inserted in mixed UP could also prevent any ob-
servation of the hyperfine and quadrupole lines of
odd isotopes.

-5/2 ~-7/2 16000

-3/2 ~-5/2
15000
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10000

p'IG. 6. Angular varia—
tions of the authorized ab-
sorption lines for
(Gd, Eu)UP. H is rotated
in the (v, z) plane. 8=0'
corresponds to the z axis.
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G

X
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keven~

Bqp(k)
q

the tensor operators 0 k' being those defined by
Smith and Thornley ao For a 8S-state ion and a
symmetry C~ or C~, there are 15 independent coef-
ficients Bk intervening in $C~ and three independent
components for the g tensor intervening in X~
(higher-order terms in H and S will be neglected).

The determination of the B,'s was performed in
three steps. First, 3C~ was expressed in an axis
system deduced from a convenient initial axis sys-
tem x, y, z (for example, in our case z was chosen
perpendicular to the mirror plane x, y) by a. rota-
tion (R(o. , p, y); o. , p, y being the Euler's angles de-
fined by Whittaker. %e used the relation

+k

~(, p, ~)0."'= Z o,"'D,",'(~, p, r),
q'-"- k

with

D (» &(~ p ) 8& ( na'+&a &d (»&(p)

the d,.»,'(p) being the Wigner coefficients. '9 The
D,(..»'(0, P, y)'s were computed for each needed value
of P and y corresponding to the chosen angular
variation.

Then, the matrix elements of K~ were computed
for each choice of P and y from the formula~o

( i

(»&~ )
1 (2S+k+1)!
2, (2S —0) I

('s u s
x ( 1)s-Ng

—Mg q M ~

The third step was to calculate the 15 indepen-
dent coefficients using a least-squares-fit method
by comparing the experimental position of the ab-
sorption lines with those calculated by a, second-

III. SPIN HAMILTONIAN

A. Determination of the crystal-field parameters

The main problem was to find simultaneously the
local symmetry and an axis system which would
permit us to determine the independent crystal-field
parameters. A program corresponding to the case
of point groups C~ or C~ was elaborated for this
purpose, including point groups corresponding to
higher symmetry.

Having shown in Sec. II that the hyperfine a,nd

quadrupole interactions as well as a hypothetical
superhyperfine interaction due to the presence of
phosphorus ions are not observed experimentally,
they can be dropped from the spin Hamiltonian.
This Hamiltonian is reduced to the Zeeman term
Kz and to the contribution ~ of the internal crystal
field. $C~ and $C~ can be written

&z =!&»Z ff(AS( ~

order perturbation method.
The Bk's were computed by minimizing the quan-

tity

x, t~w(B;+r B;,, $) -&w(B;, 5)j
i~1

=~w(B;, g) -~w, ,„„(~),
where i runs over the NBkq's corresponding to the
chosen point group. $ represents the set of pa-
rameters Mz, P and/or y. &W(B», $) is the energy
difference between the levels M~ and M~ —1, cal-
culated from an arbitrary set of parameters B,.
Aw(B»+AB'»(, g) is the value of the difference in
energy of the levels M~ and M~ —1 for the orienta-
tion o = 0, P, y when only the ith B» is increased by
b.B»», , the others B»» being unchanged. & W, „&($) is
the experimental energy difference between the
levels Mz and Mz, —1 for a given $. For example,
in our case, the energy differences corresponding
to the seven lines 4M~ = 1 were given for 18 values
of y, thus giving a system of 126 equations for 15
unknowns which was resolved by a least-mean-
squares method.

In the last part of the calculation, the energy
levels were computed by diagonalizing the 8&8
complex matrices corresponding to the calculated
B»'s and to the chosen P and y angles. It gives a
check of the perturbation procedure and also a
complete description of the energy levels in terms
of the applied magnetic field, thus permitting the
calculation of the positions of all authorized and
forbidden absorption lines for any value of the fre-
quency used in the experiments. ' The program
used permitted drawing automatically the angular
variations of all absorption lines.

The B", s were computed from the angular varia-
tion given in Fig. 3, (dashed curves) corresponding
to o(= 0, P= 90' and y varying from 0 to 180' (y is
identical to the angle 8 used in Fig. 8). The B»'s
are given in Table I and correspond to the axis sys-
tem x, y, z given in Fig. 1(a). These values per-
mit fitting the experimental angular variation with
an error less than 100 G. VYe believe that this
error is due to the imprecision of the orientation
of each site with respect to the growing planes
taken as reference.

B. Comparison with experiments

The energy levels are given in terms of the mag-
netic field, for H in the (x, y) plane at 60' from the
x axis in Fig. 7. The computed positions of the
absorption lines for the frequencies of 35. 55 and
9.2 GHz are compa. red to the experimental positions
on the bottom of Fig. 7. The computed zero-field
splitting is also given in this figure.

The computed values of the B„"sdescribe cor-
rectly the angular variations given in Figs. 4 and
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B()=+374. 1

SN', ) =+318.2

8(B2) 30. 0

B()=+0.384

$, (B2) =+ 0.974

g(B4,) =-0.409

$(B4) =+0.574

g(B44) = —0. 784

B()=+ 0. 003

$(B,') = —0. 006

.4(B~~) = —0. 006

(R(84) =+0.003

$(84) = —0. 004

$, (B ) =+0.008

J(B,') =-0.004

TABLE I. Values of the coefficients B~~ computed from
the angular variation given in Fig. 3. These values give
the angular variation of each of the eight different sites
of Gda' with an error inferior to 100 G, but, of course by
taking into account the rotations defined in Sec. III C, and
the mirror symmetry. (R and 5 mean real and imaginary
part of the Bf's T.=900 K; g„=g =g~=1. 995+0.005.
The B$'s are given in units of 10 cm '. Neglecting the
small sixth-order terms does not change very significant-
ly the fitting to the experimental angular variations.
More precisely, the standard deviation calculated with
126 experimental lines and 126 theoretical lines corre-
sponding to Fig. 3, is 52 G when the B 's are used and
64 G when the B 's are neglected.

region where the forbidden transition lines were
experimentally observed. The rapid variations of
the line intensities when H is rotated forbid a com-
plete experimental description of these lines.

The computed and experimental positions of the
lines appearing for 0& 8& 7000 G and for a frequency
of 9.2 GHz are given in Fig. 9, H is rotated in the
(x, y) plane. This figure gives an idea of the com-
plexity of the spectra when low-energy photons are
used. For certain orientations, 26 lines for each
site exist theoretically. The lines given in Fig. 9
correspond to ~M~ =1, 2, 3. Of course, the experi-
mental spectra are complicated by the existence of
eight different sites for Gds' (Fig. 10).

The agreement between the experimental and
theoretical results for both f requencies indicates
that the risk of misinterpreting the spectra is
avoided.

IV. CORRELATION BETWEEN THE CRYSTAL STRUCTURE

OF EUUP, GdUP, (Gd, EU) UP AND THE MAGNETIC

PROPERTIES FOR (Gd, Eu) UP

A. Crystal structure

6 provided that the rotations which permit passing
from one site to another are taken into account.

Figure 8 represents the positions of the forbid-
den transition lines for H rotating in the plane (x,
y) and for a frequency of 35. 55 GHz. The graph is
limited to 5000&II& 12000 G, corresponding to a

The dimensions of the EuUP crystal used in the
crystallographic study are of the order of 0. 2
xO, 15xO. 3 mm .

Data were collected at room temperature on a
Sintex P2, four circles diffractometer using 28
scanning with filtered Mo Kn radiation. We found
the parameters of the monoclinic unit cell (Z =4)
to be a=(8.744+0. 001) A, b =(12.949+0.002) A,

-40

0.2356

0.34880.

V)
0.4876

0 I
K
LU

-1.
LLI

I I I I

4 6 S 10 12
MAGNETIC FIELD (ki logauss)

-20

0

-20

-x0

60
14 16 18

FIG. 7. Representation
of the energy levels in
terms of H. H is in the
plane (x, y) at 60 from
the x axis; (a) gives the
energy levels and all au-
thorized and forbidden ab-
sorption lines. Frequency
9.2 GHz. The zero-field
splitting is also given in
this figure; (b) gives the
positions of the absorption
lines for a frequency of
35. 55 GHz.
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FIG. 8. (Gd, Eu)UP.
Ka band. Forbidden transi-
tions (dashed curves) ap-
pearing for 5000&H
& 11 000 G H is rotated
in the (x, y) plane. Only
half of the absorption lines
corresponding to the eight
sites are represented in
this figure. The others
are obtained by performing
a mirror symmetry at
8 = 45 . The authorized
transition lines are repre-
sented by the solid curves.
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c = (8.925 + 0.002) A, y = 90.46' + 0.02'.
The systematic absences hko with 0 =2n+1 and

oo/ with l = 2n+ 1 are consistent with the space
group P2~/&. The intensities of all 3271 indepen-
dent reflections were measured between 28= 0'
and 28= 65'. No reflection was suppressed. Re-
flections with negative intensities were set to zero
and were retained for the refinement. Corrections
were made for sample absorption, Lorentz and
polarization factors.

A straightforward interpretation of the three-di-
mensional Patterson synthesis of the IF l~ data
placed the europium atoms in fourfold special posi-
t;ons 4(l) of P2, ~, . Refinement cycles and succes-
sive difference Fourier syntheses (E,~ —E„„)al-
lowed us to locate the positions of 20 phosphorous
and 56 oxygen atoms without a.ny chemical assump-
tion. No other atoms were observed because no
peak of electronic density was higher than three
electrons. The discrepancy factor obtained at this
stage was R = 0.061. However, for the strong re-
flections near the origin of the reciprocal lattice,
the differences E,b, —E,~., were systematically
negative. Furthermore, during the B and E calcu-
lation by the Wilson method, we observed that for
the small values of (sina8/Xa) the (IE l)a values
were below the unity, indicating a strong seconda, ry
extinction. At this stage, a refinement on the sec-
ondary isotropic extinction coefficient (there is
only one coefficient, all the reflections being in the
same scale) was made by inserting the 3271 reflec-
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FIG. 9. (Gd, Eu)UP. Authorized and forbidden transi-
tions obtained at 9.2 GHz. H is rotated in the (x, y )

plane. This graph must be completed by the graph obtained
by doing a mirror symmetry at 8 =45 . Given the corn-
plexity of the experimental spectra, only unambiguously
defined absorption lines are reported on this figure.
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tions in the ORXFL-3 program of Busing et al. "
We then obtained a final R value of 0.040. Cycles
of least-squares refinement employing anisotropic
temperature factors for europium atoms showed
an insignificant anisotropy. We therefore kept the
isotropic factors (Table II).

The oxygen atoms around a europium atom form
an eight-coordinate polyhedron [Fig. 1(b)] with a
mean distance Eu-0 of 2.411 A (Table III). The
phosphorous atoms are located in tetrahedra with
a mean distance P-O of 1.538 A(Table IV). The
bond angles 0-P-0 are listed in Table V. In a unit
cell, four (P04)' chains, zigzagging up the a axis
are constituted by the sequences P,-P4-P, -P2-P„
etc. Each tetrahedron (P04)3 is joined at an apex
with two neighboring tetrahedra in the chain. Fur-
thermore, loops P~-P3-P, connect the chains by

Tons

Eu
Pi
P2

P3
P4

Pg

01
02
03
04
05
08
0)
O8

08
O1O

013
O14

o. 2vv28 (s)
o. oo62 (2)
0.2447 (2)
0.3147 (1)
O. 2275 (2)
0.4924 (2)

—0. 0834 (5)
0. 0793 (5)
0. 1336 (5)

—o. o918 (5)
0. 22oe (5)
0.2213 (5)
o. se2e (5)
0.2908 (5)
0.4683 (5)
0.2oe4 (s)
0. 2320 (5)
0, 3729 (5)
0.4115 (5)
0.5853 (5)

0.49887 (2)
o. 1v2s (1)
o. ss4v (1)
o.4999 (1)
O. 664O {1)
0. 7971 (1)
O. 1215 (3)
0. 1135 (3)
0. 2440 (3)
0.2617 (3)
o. sses (4)
0.4012 (3)
0. 7099 (4)
0.5003 (3)
0.5048 (3)
o. ssse (s)
o. e1s4 (4)
0. 7263 (3)
o. ssos (s)
0. 8517 (3)

0. 80965 (2)
0.5023 (2)
0.4526 (2)
O. 2451 (2)
0.4489 (2)
0.4950 (2)
0.3843 (5)
0.6238 (5)
0.4199 (5)
0.5831 (5)
0.5937 (5)
0.3089 (5)
0.5735 (5)
o. os1s (5)
o.s1so (s)
0.3140 (5)
o.sess (5)
o.4o2v (5)
o. e1ss (s)
0.3818 (5)

0.63 (1)
O. 62 (2)
o. ee (2)
O. 62 (2)
0.63 (2)
o. es (2)
1.28 (6)
1.24 (6)
1.2V (6)
1.28 (6)
1.46 (V)

1.19 (6)
1.41 (V)

1.39 (7)
1.14 (6)
1.21 (6)
1.6s (v)
1,37 (7)
1.s1 (e)
1.2S (6)

TABLE II. Positional parameters for EuP50&4. The
B's are the individual isotropic temperature factors. The
precision g is indicated in parentheses.

TABLE III. Bond distances Eu-O. cr is given in pa-
rentheses.

Bond

Eu-0&3
Eu 0(4
Eu-02
Eu-Og
Eu-08
Eu-05
Eu-0~~
Eu-O~)

Length (A)

2. 357 (5)
2. 359 (7)
2. 365 (7)
2. 388 (5)
2.428 (8)
2. 440 (5)
2.469 (7)
2. 480 (7)

tetrahedra sharing corners. Each of the eight oxy-
gen atoms bonded to Eu is given by a different tet-
rahedron. So the rare earth is surrounded by eight
(P04)3 tetrahedra (two tetrahedra for each inde-
pendent phosphorous atom). Each P„P5, and P3
phosphorous atom possesses two P-0-P bonds with
two other phosphorous atoms and two P-0-Eu bonds
with two europium atoms. On the other hand, the
P4 and P2 phosphorous atoms possess three P-0-P
bonds and only one P-0-Eu bond (Figs. 11 and 12).

Two important results for the EPR study can be
deduced from the above structure determination of
EuP50, 4. First, the point symmetry for europium
is C ~ . Second, europium is placed in fourfold
general positions 4(f):

1 j.
xy yy zy xj yp zy xy 2 yp 2 +zy xp p +y p p

—8

Thus, europium ions are related to each other by
two pseudo mirror planes. Since the two planes
containing the oxygen atoms 0», 0~, 0» and 0„
0„0,4 are not on).y symmetrical with respect to
the pseudo mirror plane giving the C~ symmetry
but secant as well, there are four differently ori-
ented surroundings for Eus' in the crystals.

Experiments were also made on GdUP and mixed
(Gd, Eu) UP. We found that GdUP and EuUP crys-
tallize in the same monoclinic system P2, ~„and
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TABLE IV.
theses.

Bond

P101
P102
P104
P103
P205
P203

»06
P30g
P308
P306
P3010

P4012
P4010
P404
PS013
P5014
P50)
P5012

Length (A)

]..46v (v)
1.4V5 (1O)
]..614 (8)
l.6].9 (V)

]..461 (S)
l. 547 (10)
1.557 (7)
1.560 (7)
]..4v4 (8)
]..4vv (s)
]..6].4 (v)
l. 619 (7)
1.453 (10)
1.556 (8)
1.558 (8)
1.560 (7)
1.465 (7)
]..4v3 (s)
]..596 (S)
l.611 (10)

Bond distances P-0. 0 is given in paren. - sion. On the other hand, mixed (Gd„Eu, „) UP with
x= 5&& 10 ' at. % presented the same crystallographic
structure as pure EuUP.

At this time, our results can be compared only
to those of Bagieu-Beucher, and we are in agree-
ment (for both GdUP and EuUP the space group is
Pz&~, ). Since we did not observe twinnings in
EuUP, hypothesis (ii) (Sec. l) of Albrand et al.
could explain the contradictory structures obtained
for NdP~O14.

B. Magnetic results

The most detailed result obtained by EPR ex-
periments concerning the mixed UP's was the de-
termination of the presence of eight different sites
for Gd" introduced as impurity in EuUP.

These different sites appeared in all studied
crystals. Complementary experiments performed
both by EPR and x-ray techniques on very small

y

therefore, the Eu3' (ionic radius=1. 03 Afor co-
ordination number 6) substitution by Gd

' (ionic
0

radius = l. 02 A) involves no change in lattice cohe-

TABLE V. Bond angles 0-P-0 in degrees. 0 is given
in parentheses.

01P102
01P104
01P103
02P104
02P103
04 P103
05P203
05P20)
05P206
03P207
03P206
0)P206
Og P308
Og P306
Og P301P
08P306
08P301o
06P3010

11 4012
011P401P
011P404
012P4010
012P404
010P404
013P5014
013P50)
013P5012
014P50~
0«P5012
07 P5012

].21. 8 (1)
].1].. O (].)
].ov. ]. (1)
].o6. o (1)
109.4 (1)
99.2 (1)

].].6. 1 (1)
].].6.3 (1)
114.9 (1)
].o5. ]. (1)
].oo. 4 (1)
1O].. 9 (1)
].22. 4 (].)
1].0. 1 (].)
].1O. 5 (1)
].O6. 3 (1)
106.8 (1)
97. 7 (1)

].].6. o (1)
].].5.4 (1)
].lv. ]. (].)
lO2. 2 (I)
].o4. v (].)
99.0 (1)

123.O (1)
106.2 (1)
1O9. 3 (].)
109.7 (1)
].o5. 9 (].)
loo. 3 (].)

0 Phosphorus

Oxygen

O Phosphorus

Q Europium

Oxygen

b

y i y
I

O9 Os

0 Phosphorus 0 Phosphorus

O Oxygen Q Europium

Oxygen

C d

FIG. 1].. Projections on the planes Oyz (a), 4yz (b),
2yz (c), and 4yz (d) of the nearest ions of these different
planes.
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5 P,

P,

P,

pretation of the linewidths for GdUP. We will only
emphasize the fact that crystallographic studies
give the same structure for GdUP and for EuUP,
so that the results obtained for (Gd, Eu) UP can
be considered as a good start for studies of this
kind. Of course, not only Gd-Gd magnetic inter-
a,ctions should be taken into account but also the
existence of eight and perhaps more different sites
which could not be separated by x-ray studies and
which couM also contribute to the linewidths.

P,

FIG. 12. Projection. of the ultraphosphate structure
on the (x, y) plane showing the chains of PO4 tetrahedra
sharing tops.

Gd„Eu, , crystals with dimensions of the order of
0. 1x 0. 1x0. 1 mm' (and x= 0. 1 at. /q in order to get
an acceptable signal-to-noise ratio in EPB experi-
ments) showed the presence of eight Gds' sites,
but the crystal structure found by x-ray experi-
ments was identical to that of pure EuUP, ,

The relative orientations of the eight Gd" sites
compatible with angular variations of Figs. 3 4
and 6 have been determined, the scheme is given
in Fig. 13, in the reference axis system taken in

Fig„1. Thus, the introduction of Gd3' ions in
EuUP distorts slightly the lattice but the symmetry
properties of the Gd3' sites determined by EPR re-
main identical to those of Eu ' sites determined by
x- ray experiments.

More precisely, the results obtained from EPB
experiments permit concluding first, that the point
symmetry of Gd '" sites in EuUP is C~. This is
the pseudo point symmetry determined by x-ray
measurements for Eu' in EuUP and (Gd, Eu) UP.

On the other hand, an interesting problem was
to give ao interpretation of the mirror angula, r
variations appearing in Fig. 3. The most simple
interpretation rested on the existence of at least
one mirror plane between two Gd" ions. The pos-
sible mirror planes being either the (u, z) plane or
the (v, z) plane or both simultaneously. X-ray
measurements confirmed the presence of two pseu-
do mirror planes (u, z) and (v, Z) between different
Eu" lons in EuUP and (Gd, Eu) UP. Thus, the Gd"
ions appear to be related by the same symmetry
relations as the Eus' sons.

'A'e have not attempted to give a detailed i.nter-

V. CONCLUSION

The spin Hamiltonian of Gds' ions in EuUP has
been determined completely. Moreover, the
EPR experiments have shown that eight Gd cen-
ters appear in (Gd, Eu) UP. It has been demon-
strated that these centers result from slight dis-
tortions of the EuUP lattice due to the presence of
Gd 1ons but that the point symmetry for Gd sites
and the symmetry relations between different Gd3'

ions are in agreement with those determined for
Eu in pure and mixed UP. In addition, the first
complete structure analysis with all interatomic
distances and bond angles has been given fox EuUP.
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FIG. 13. representation of the approximate orientation
of the z axes of the different sites for Gd ' in (Eu, Gd)UP.
$ is the angle between the z axis defined in Fig. 1 with re-
spect to the crystal and the projection. on. the (u, z) plane
of the z axis of the site. 7t is t'.~e "ngle between the z axe.s
defined in Fig. 1(a) and the projection on the (v, X) plane
of the z axis of the site. Each cross formed by the error
bars gives the approximate position of two different sites
which cannot be distinguished very pr. ,cisely from each
other.
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