PHYSICAL REVIEW B

VOLUME 51, NUMBER 5
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A consistent physical analysis of both elastic- and inelastic-neutron-scattering experiments as well as
of specific-heat measurements in the temperature range from 7 mK to 295 K on polycrystalline samples
of the 5f3 electron system K,UXs (X=Cl,Br,I) was performed on the basis of a two-dimensional Ising
model. The orthorhombic structure of K,PrCls type was refined in the paramagnetic state and turned
out to be built up by well-separated chains of [UX3X,,,]?>” polyhedra. K,UCl; and K,UBr;s undergo a
magnetic phase transition to a long-range antiferromagnetically ordered state corresponding to the
Shubnikov space group Pn’'m’a’ with k=0 at Néel temperatures Ty =3.8(1) K and T, =2.8(1) K, re-
spectively. K,Uls orders antiferromagnetically at Ty =1.45(3) K in the Shubnikov space group Pnm’a
with k=0. The ordering temperatures, the dominant intrachain exchange interactions, as well as the
magnitudes of the magnetic moments at saturation [py=3.24(4)up, 2.31(4)up, and 1.80(4)up for X=ClI,
Br, and I, respectively] are strongly dependent on the intra- and interchain uranium distances. Specific-
heat measurements showed large magnetic contributions at temperatures higher than Ty for all com-
pounds K,UXs (X=Cl,Br,I). Analyzed in terms of the anisotropic two-dimensional Ising model, these
measurements proved the existence of short-range magnetic ordering along the uranium chains above
Ty, followed by the long-range ordered magnetic phase. By means of inelastic neutron scattering we
determined the crystal-field splitting of the series K,UXs (X=CIl,Br,I) from well-defined crystal-field
peaks. Due to the low local symmetry at the uranium site (sevenfold coordination), the crystal-field level
scheme was analyzed introducing geometrical dependences of crystal-field parameters which provide a
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good description of both crystal-field energy levels and transition probabilities.

I. INTRODUCTION

The study of magnetic ordering phenomena in uranium
(ITI) halides has for many years been subject of several,
mostly bulk magnetic investigations. However, magnetic
structure determinations applying neutron-scattering
techniques have so far only been carried out for binary
halides UXj, such as UCl,;,? UBr;,>3 and UIL.* In Ref.
1 the magnetic properties of UCl; were interpreted on the
basis of uranium chains with predominant antiferromag-
netic intrachain and weaker interchain interaction.
Schmid et al. reported on one-dimensional spin-wave ex-
citations in UX; (X =Cl,Br) observed by means of neu-
tron spectroscopic investigations.?

The aim of this work is the investigation of magnetic
behavior of uranium chain systems. Compounds with
well-separated chains may act as model systems for the
investigation of intra- and interchain interactions and
therefore for the investigation of the short- and long-
range magnetic ordering phenomena in predominantly
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low-dimensional systems.

Ternary halides K,UXs (X =CL,Br,I) of uranium are
nonmetallic 5f3 electron systems with a *I,, ground
state of the U** ions. These compounds crystallize in the
orthorhombic K,PrCls-type structure corresponding to
space group Pnma.>® The structure may be thought as a
stacking of well-separated chains of [UX3X,,,]*~ polyhe-
dra which are connected over rather large potassium con-
tacts. Bulk magnetic measurements of the chlorides
A,UCls (A =K,NH4Rb) (Ref. 7) give evidence for anti-
ferromagnetic ordering. However, a first attempt to
determine the magnetic structure of K,UCls (Ref. 8) was
not successful because of limited sample quality. Recent-
ly, the magnetic ordering of K,UBrs was investigated.’
Neutron-diffraction experiments reveal a long-range mag-
netically ordered phase below T, =2.8(1) K, whereas
measurements of the bulk magnetic susceptibility give
evidence for low-dimensional magnetic ordering at tem-
peratures higher than T'y.

Here we report on a consistent physical interpretation
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of magnetic interactions, magnetic phase transitions,
magnetic phases, and crystal-field effects in the uranium
chain compounds K,UX; (X =Cl],Br,I), based both on
elastic- and inelastic-neutron-scattering experiments,
measurements of the specific heat, and on a two-
dimensional Ising model. The predominantly chemical
aspects of the investigations are summarized in a recent
review. !0

II. EXPERIMENT

Neutron-diffraction experiments were performed with
use of the multidetector powder diffractometer DMC
(Ref. 11) and the two-axis diffractometer 2AX at the
reactor Saphir in Villigen. An “ILL-type” helium gas-
flow cryostat was used for temperatures above 1.5 K.
The powder samples were enclosed under a He gas atmo-
sphere into cylindrical V tubes of 8 mm diameter and 50
mm height. Down to 7 mK a standard Oxford dilution
3He/*He refrigerator was used and the powder samples
were enclosed within a cylindrical Cu container of 8 mm
diameter, which allowed condensation of liquid “He into
the sample for optimal thermal contact. For the investi-
gation of the magnetic ordering of K,UX; (X =Cl,Br,I)
the neutron-diffraction measurements were performed on
DMC in the high_ intensity mode with neutron wave-
length A=1.7037 A obtained from a vertically focusing
Ge (3,1,1) monochromator. All DMC measurements
were corrected for absorption according to the measured
transmission: ©£=0.395 cm™~! (K,UCl;), #=0.363 cm ™'
(K,UBrs), and £=0.168 cm™! (K,UIy). The magnetic
structures of the ordered states were calculated by a stan-
dard Rietveld program.!? For the calculations the
neutron-scattering lengths published by Sears!? and a cal-
culated relativistic neutron magnetic form factor for U**
(Ref. 14) were used. The temperature dependences of the
strongest magnetic Bragg peaks were determined on the
two-axis diffractometer 2AX.

Inelastic-neutron-scattering experiments were carried
out for polycrystalline samples of K,UX; (X =Cl,Br,I)
with use of the three-axis spectrometers 3AX and MARC
at the reactor Saphir in Villigen. The energy of the scat-
tered neutrons was fixed at 15 meV, and a pyrolytic
graphite filter was used to reduce higher-order contam-
ination. Energy spectra were taken at various tempera-
tures and moduli of the scattering vector Q for energy
transfers up to 80 meV.

The measurements of the specific heat were performed
by the adiabatic technique at Tohoku University, Sendai.
In order to guarantee optimal thermal contact, the
powder samples were pressed in pellets and mounted on a
Cu plate. The temperature range from 0.7 to 40 K was
covered using *He and *He gas-flow cryostats.

III. NEUTRON-DIFFRACTION ANALYSIS

The compounds K,UXs (X=Cl,Br,I) belong to the
K,PrCls-type structure (orthorhombic space group
Pnma, Z=4). Details of the results of the structure
refinement in the paramagnetic state are published else-
where.>1%15 The lattice and positional (for the Cl and I
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TABLE 1. Crystallographic and magnetic data of K,UX;
(X=C1,Br,I). a,b,c: lattice constants at T'<20 K, dy.y: urani-
um distances, Ty: Néel temperature, k: magnetic propagation
vector, uy: ordered magnetic moment/U>" at saturation.

K,UCI, K,UBr, K,UI
(Ref. 9)
a (&) 12.6156(7)  13.212(1)  14.204(9)
b (lo\) 8.7636(5) 9.1642(7) 9.805(6)
c (A) . 7.9365(4) 8.3619(6) 9.040(6)
dyyu (1}) intrachain 4.556(3) 4.782(3) 5.14(1)
dyy (A) interchain 6.873(4) 7.184(5) 7.70(1)
Ty (K) 3.8(1) 2.8(1) 1.45(3)
k (0,0,0) (0,0,0) (0,0,0)
Magn. space group Pn'm’'a’ Pn'm’a’ Pnm'a
pu (pp) 3.24(4) 2.31(4) 1.80(4)

compounds) parameters and the shortest intra- and inter-
chain distances are summarized in Tables I-III. K,UX;
contains chains of [UX(1)X(2)X(3)X(4),,,]>~ polyhedra
parallel to the b axis with sevenfold coordinated U (dis-
torted pentagonal bipyramides; Fig. 1). The chains are
well separated from each other by potassium ions.

In powder neutron-diffraction experiments a long-
range magnetic ordering causes additional Bragg peaks
below T due to the antiferromagnetic superstructure.
The difference of the diffraction data below T and above
Ty therefore contains to a good approximation the infor-
mation on the magnetic structure only. Figure 2(a) shows
the difference pattern 1(1.5 K)-1(4.2 K) of K,UCIs which
was refined by means of a Rietveld program for DMC
data. All magnetic Bragg peaks may be indexed in terms
of the nuclear cell, i.e., the magnetic propagation vector
k=0. For the fit procedure the magnetic contributions
to the scattering pattern were included up to 20=40°
(A=1.7037 A). The best fit of calculated and observed
pattern was achieved for the Shubnikov space group
Pn'm'a’. The uranium ions occupy the special site (4c)
with site symmetry (.m.) in Pnma. In Pn'm'a’ the sym-
metry of site (4c) changes to an antimirror plane (.m’.)
with the result that the magnetic moments have only
components along the a and ¢ axes. The refinement of
the magnetic structure results in an ordered magnetic
moment of 3.24(4)uy /U  with  components
U, =2.32(4)up and p,=2.27(4)up which are equal
within the error limits. The magnetic moments of the
four uranium ions per unit cell are summarized in Table
II. The U* chains parallel to the b axis, which consist
of U(1)-U(3) resp. U(2)-U(4), are ordered antiferromagnet-
ically. The magnetic moments of neighboring chains, i.e.,
U(1)-U(3) versus U(2)-U(4), are perpendicular to each

FIG. 1.

Chain of
[UX(1)X(2)X(3)X (4),,,]>" of K,UX; along [010].

uranium polyhedra
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TABLE II. K,UCls: coordinates (determined in the paramagnetic state at 7=20 K) and com-
ponents of the ordered magnetic moment of U** derived from the difference pattern 1.5-4.2 K. Shub-

nikov space group Pn'm’a’, k=0, uy=23.24(4)up.

K,UCl; x/a y/b z/c Hx (up) uy, (ug) u, (ug)
u(1) 0.5064(4) 0.25 0.0780(6) 2.32(4) 0 2.27(5)
U@) 0.9936 0.75 0.5780 —2.32 0 2.27
u(@3) 0.4936 0.75 0.9220 —2.32 0 —2.27
u@4) 0.0064 0.25 0.4220 2.32 0 —2.27
K (8d) 0.6715(6) 0.496(1) 0.5574(9)

Cl11 (4c) 0.9948(4) 0.75 0.9328(5)

C12 (4c) 0.7906(3) 0.25 0.3280(6)

CI3 (4c) 0.6809(3) 0.25 0.8652(5)

Cl4 (8c) 0.5815(2) 0.5442(3) 0.1682(4)

other within the error limits. The overall magnetic mo-
ment of the unit cell disappears because of the antiferro-
magnetic intrachain coupling. The long-range antiferro-
magnetic ordering of K,UClI; is similar to the ordering
observed in K,UBr;.” Nevertheless, the ordered magnetic
moments in the chloride are remarkably enlarged com-
pared to the value of the bromide.

The analysis of the difference neutron-diffraction pat-
tern of K,UI; (Fig. 3) showed that also in the case of the
iodide the magnetic unit cell is equal to the chemical unit

K.UCls , 1.5 - 4.2 K, 1.7037 A

cell, i.e., k=0. However the refinement of the magnetic
structure unambiguously revealed that K,UIs orders an-
tiferromagnetically corresponding to another Shubnikov
space group Pnm’a, in contrast to the Shubnikov space
group Pn'm’a’ of the Cl and Br compounds. These two
magnetic space groups are closely related. In Pnm‘a the
symmetry of the site (4c)-is also an antimirror plane
(.m’.) i.e., u, =0. The only difference is a rotation of the
magnetic moments of the chain U(2)-U(4) by 180°. This
leads to a change of the relative intensities of the magnet-
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FIG. 2. (a) Observed and cal-
culated neutron-diffraction pat-
tern 1.5-4.2 K (DMC, high in-
tensity mode, A=1.7037 A) of
K,UCls. (b) Antiferromagnetic
structure of K,UClIs, associated
with magnetic moments due to
U3 ions.
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K,Uls , 0.05 - 4.2 K, 1.7037 A
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FIG. 3. Observed and calcu-
lated neutron-diffraction pattern
50 mK-4.2 K (DMC, high in-
tensity mode, A=1.7037 A) of
K,UI.

loss-leac (10° counts)

2 0 (Degrees)

ic peaks and may be easily distinguished in neutron-
diffraction experiments. The ordered magnetic moments
in K,UIs turned out to be 1.82(4)up/U** with com-
ponents u, =0.95(3)up and u,=1.50(4)up (Table III).
The results of the magnetic structure determination of
the compounds K,UX; (X =Cl,Br,I) are summarized in
Table I. The ordering temperatures as well as the magni-
tudes of the magnetic moments at saturation are strongly
dependent on the intra- and interchain uranium dis-
tances. In particular the Néel temperatures show a linear
increase with decreasing uranium distances.

IV. SPECIFIC-HEAT ANALYSIS:
LONG- AND SHORT-RANGE MAGNETIC ORDERING

Neutron powder-diffraction experiments are a powerful
and useful tool to investigate long-range magnetic order-
ing phenomena, whereas a direct proof of short-range
one-dimensional magnetic ordering requires quasielastic
neutron scattering on single crystals, as the magnetic in-
tensity is distributed over planes in reciprocal space.'® In
order to investigate the magnetic behavior of polycrystal-

line samples above and around T, measurements of the
specific heat were performed. In Fig. 4 we show C,(T)
for K,UX s (X =Cl,Br,]I) as a function of the applied mag-
netic field. In all three compounds, the zero-field peak
position corresponds to the Néel temperatures Ty deter-
mined in neutron-scattering experiments and shows the
phase transition to a magnetically long-range ordered
state. The external magnetic field shifts T towards
lower temperatures and the peak smoothes out. The
spontaneous magnetic structure is distorted by the in-
duced ferromagnetic component and may be shifted
below the range of observation. In order to remove the
lattice contribution and to obtain the magnetic part only,
a Debye law was fitted to the data and subtracted. The
resulting Debye temperatures are ®, =150 K (K,UCly),
100 K (K,UBrs), and 80 K (K,UIs), which are in the
range of values for uranium compounds found in the
literature (®, =200 K).

The magnetic specific heat AC of K,UX; (X =Cl,Br,I)
is shown in Fig. 5. There is a broad peak above T, fol-
lowed by the narrow anomaly at Ty. The magnetic en-
tropy S(7) may be obtained by integrating

TABLE III. K,Uls;: coordinates (determined in the paramagnetic state at 7=4.2 K) and com-
ponents of the ordered magnetic moment of U** derived from the difference pattern 50 mK-4.2 K.

Shubnikov space group Pnm’a, k=0, uy=1.80(4)up.

K,UI; x/a y/b z/c Ky (ug) uy (ug) M. (up)
u(1) 0.508 0.25 0.086 0.95(3) 0 1.50(4)
UQ) 0.992 0.75 0.586 0.95 0 —1.50
u(3) 0.492 0.75 0.914 —0.95 0 —1.50
U4 0.008 0.25 0.414 —0.95 0 1.50
K (8d) 0.680(3) 0.488(5) 0.557(5)

I1 (4c) 0.998(5) 0.75 0.940(5)

12 (4c) 0.785(3) 0.25 0.340(5)

13 (4¢) 0.688(3) 0.25 0.855(5)

14 (8¢) 0.579(2) 0.547(2) 0.179(3)
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S(T)= [JC(1)/7dT, e.g., for K,UCl;. From Fig. 6 it is
evident that the cooperative phase transition only
releases about 10% of R In2, the expected molar entropy
for a doublet ground state. The total entropy of
R In2=5.76 J/molK is obviously only recovered if the
temperature is raised above 30 K.

The zero-field data AC were analyzed in terms of the
well-known Onsager solution!” of the anisotropic two-
dimensional Ising model (solid lines in Fig. 5). In this
model the exchange parameters J; and J, and the Néel
temperature Ty are related by
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FIG. 4. K,UX; (X=CLBr,I): Specific heat C,(T) as a func-
tion of the applied magnetic field.
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Fixing Ty at the experimentally determined value, we
are left with only one free parameter. The solid lines in
Fig. 5 are the best fits of this model to the data and show
excellent agreement. The resulting parameters are sum-

marized in Table IV. There is a large anisotropy of the
exchange interaction. The magnitude of the intrachain

K,UCI,

AC [J/moleK]

AC [J/moleK]

AC [J/moleK]

6
T K]

FIG. 5. K,UX; (X=CL,Br,I): Magnetic contribution AC to
the specific heat. The solid lines are model calculations as de-
scribed in the text.
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TABLE IV. K,UX; (X=Cl],Br,I): Coupling parameters
J1,J, and Néel temperature Ty derived by a fit of the anisotrop-
ic two-dimensional Ising model to the specific-heat data.

J, (K) J; (K) Ty (K)
K,UCly —9.3(2) —0.04(1) 3.8(1)
K,UBr; —5.4(2) —0.04(1) 2.8(1)
K,UI, —2.85(5) —0.03(1) 1.45(5)

parameter J,; turns out to be two orders of magnitude
bigger than the interchain parameter J,, which again
reflects the chemical chain structure. The dominant cou-
pling along the uranium chains leads to a short-range
one-dimensional magnetic ordering which is shown by
the broad anomalies in Fig. 5. The maximum of this
peak essentially corresponds to the strength of the intra-
chain coupling J,;. The interchain coupling J, acts as a
distortion and leads to the long-range magnetic ordering
indicated by the sharp peak at Ty and confirmed by the
neutron-diffraction experiments described above.

Since no closed-form expressions for the behavior of
the specific heat in an external magnetic field exist, a
Padé approximation for T, versus H introduced by
Bienenstock!® was used to explain the data in Fig. 4. Ac-
cording to this approximation the antiferromagnetic or-
dering temperature Ty varies as a function of external
magnetic field H as follows:

Ty(H) 2

Ty(0)

§

H , @)

H

4

where H,=—zJ /u and £=0.87 (calculated for a square
lattice but mainly depending on the dimensionality). z
denotes the coordination number, J the (isotropic) ex-
change parameter, and pu the magnetic moment. For the
fit with J as the fitting parameter z=4 and for u the
values in Table I were chosen. The results of the fits for

[J/moleK]

MAG

S

K UCl
2 5

0 510 15 20 25 30 35 a0
T [K]

FIG. 6. K,UCls: Temperature dependence of the magnetic
entropy S(T).
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FIG. 7. Padé approximation (lines) of the magnetic-field
dependence of Ty for K,UCls and K,UBrs. The errors in Ty
are for high magnetic fields in the order of the symbol sizes.

K,UCl; and K,UBrs are shown in Fig. 7, yielding
J=—6.5 K and J=—3.2 K, respectively. Since powder
averaging and anisotropy are not included in this approx-
imation, the agreement with the values obtained with the
anisotropic two-dimensional Ising model (Table IV) can
be regarded as very good.

V. INELASTIC-NEUTRON-SCATTERING ANALYSIS
OF THE CRYSTAL-FIELD SPLITTING

The crystal-field Hamiltonian for the symmetry of U3™*
in K,UX; (X =Cl,Br,]) is given by

Hye= > 3 BJO, (3)
n=2,4,6 m=0

where the B, denote the crystal-field parameters and the
O™ are operator equivalents built up by spin operators.'’
The lack of point symmetry at the uranium site (seven-
fold coordination) leads to 15 independent nonzero
crystal-field parameters. Equation (3) gives rise to a
decomposition of the ground-state multiplet *I,,, of the
U3 jons into five Kramers doublets. Thus it is impossi-
ble to derive the 15 independent crystal-field parameters
of Eq. (3) from the energies of the crystal-field states
alone. However, from general experience with crystal-
field problems for a large group of compounds the ratios
of the parameters B, for a particular degree n are found
to be reasonably determined by taking account of the
nearest-neighbor polyhedron:

m

g Y
n 0
n

B? . @)

The geometrical coordination factors y7' as defined,
e.g., by Hutchings?® can easily be calculated from the
structural data.

Recently, the crystal-field level schemes of diluted
compounds K,LaX/U** (X=Cl,Br,I) have been deter-
mined by means of optical luminescence experiments.?!
Our analysis of the level scheme in terms of Egs. (3) and
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(4) revealed that there is not a unique set of crystal-field
parameters to describe the level scheme alone, i.e., transi-
tion probabilities have to be taken into account. In order
to get accurate information on crystal-field energies and
intensities, we have performed inelastic-neutron-
scattering experiments of K,UX; (X =Cl,Br,I).

Typical spectra obtained for K,UBrs are shown in Fig.
8. There are three well resolved inelastic lines at —7.5,
—14.5, and —19 meV, each of which exhibits a different
behavior as a function of temperature and scattering vec-
tor. The intensities of crystalline electric-field (CEF)
transitions are decreasing with increasing scattering vec-
tor Q due to the magnetic form factor, and their tempera-
ture dependences are governed by Boltzmann statistics,
whereas phonon intensities usually increase with increas-
ing scattering vector (apart from the modulation due to
the structure factor) and their temperature dependences
follow Bose statistics. Therefore we can unambiguously
attribute the lines at —7.5 and —14.5 meV to ground-
state CEF transitions whereas the line at —19 meV is
identified as a phonon excitation. These results are in
agreement with optical investigations on diluted samples
in which the excited CEF levels were found at 7.44,
14.01, 28.76, and 48.73 meV.?! No further inelastic exci-
tations were detected up to an energy transfer AE of —80
meV, i.e., transition probabilities for additional CEF
transitions must be small. The analysis of the tempera-
ture dependences of the inelastic intensities in terms of
Boltzmann statistics revealed that the additional CEF
levels are not expected to lie below 25 meV.

Similar experiments were performed for K,UClI; (Fig.
9). Again two ground-state CEF transitions were ob-
served (AE=—9.9 and —18.9 meV, respectively). Due
to the large nuclear-scattering length of Cl, the spectra at
high temperatures 7 and high scattering vectors Q show
a significant increase of the background and additional
phonon excitations. Typical spectra for K,UIs are shown
in Fig. 10. At AE=—4.7 meV we observe a ground-
state CEF transition. The line at an energy transfer of

neutron intensity [counts/8 Min]

= 1
-4 -8 -12 -16 20 24 -4 -8 -12 -16 -20 -24
energy transfer AE [meV]

FIG. 8. Energy spectra of neutrons scattered from polycrys-
talline KzUl?irs at T=11 K (left part) and T 60 K (right part).
(@ Q=2A",()Q=3A" (c)Q =42A"
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neutron intensity [counts/6 Min]
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[
S
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-5 -10 -15 -20 -5 -10 -15 -20
energy transfer AE [meV]

FIG. 9. Energy spectra of neutrons scattered from polycrys-
talline K,UCl; (Q=2 A ") for T=25K and T=60 K.

about —11 meV is composed of two excitations. Due to
their temperature dependences they can be identified as a
ground-state CEF and a phonon excitation. The
linewidth of the peak around —20 meV is unusually large
and indicates that several excitations which are acciden-
tally degenerated may lead to this line.

Using the geometrical constraints according to Eq. (4)
we are left with three independent parameters BS, BY, B,

which we have least-squares fitted to the observed spectra
f22

in a first step. Following Lea, Leask, and Wolf** we in-
troduced the parametrization
0—_~ 1—
BY F wi—lyD,
By="Lwxy, (5
F,
o_ 1
By=—W(1—Ix|)y ,

Fg¢

with F,=2, F,=60, F3=2520, —1<x,y <1, and Wisa
scale factor. Equation (5) corresponds to the most gen-
eral combination of second-, fourth-, and sixth-order
CEF parameters. For only one parameter set x,y reason-
able agreement between the observed and calculated en-
ergies and intensities was obtained. Then we have also al-
lowed the parameters B} and B3 to vary independently,
whereas the remaining crystal-field parameters were

K, UL 1

g
=
w
£
g
Z
.g
g
&
b T=80K .
0 1 1 1 1 1 1 1 1 1 1 1
-4 -8 -12 -16 -20 24 -4 -8 -12 -16 -20 -24

energy transfer AE [meV]

FIG. 10. Energy sgectra of neutrons scattered from polycrys-
talline K,UI; (=2 A ") for T=12 K and T=80K.



2888 L. KELLER et al. 51

TABLE V. Crystal-field parameters of K,UXs (X =Cl,Br,I). The values of BY, B}, B3, BY, and B?
are results of a mean-square fit, B,"/B? is given by Eq. (4).

K,UCl; K,UBr; K,UI,
BY (meV) —0.27(2) —0.20(2) —0.10(2)
B} (meV) 1.00(2) 0.97(2) 0.99(2)
B% (meV) 0.62(3) 0.54(3) 0.42(3)
BS (meV) —1.01(1)X1073 —0.81(1)x1073 —0.56(1)x1073
BY (meV) —0.56(5)% 107 —0.50(5)x 1074 —0.38(5)x107*
B}/BS 11.29 11.44 10.63
B%/BS 4.48 2.45 0.99
B} /BY —219.82 —182.63 —161.41
B%/BS 24.06 22.66 20.98
B./B? —1.14 —1.65 —1.99
B%/B? —2.06 —2.52 —2.62
B}/B? 0.90 0.62 0.59
B¢ /B —0.41 —0.83 —1.06
B /B? 4.49 7.24 10.04
B¢ /B? 13.02 14.22 16.89

again fixed at the geometrical coordination values men-
tioned above. The procedure converged to a modified set
of parameters which, however, did not deviate
significantly from the values obtained in the first step.
Thus our parametrization can undoubtedly be considered
to be a unique solution. We independently analyzed the
crystal field of the chloride, bromide, and iodide. The re-
sulting parameters show a systematic dependence on the
halide and therefore on the uranium distances (Table V).
The calculated and observed crystal-field energies and
transition probabilities are compared in Table VI.

The CEF parameters may now be used to calculate the
magnetic properties of K,UXs (X=Cl,Br,I). The mag-
netic single-ion susceptibility turns out to be extremely

anisotropic. From a mean-field calculation the ordered
magnetic moment lies in the a,c plane without any com-
ponent along b, which is in agreement with the results of
the elastic-neutron-scattering experiments. The mean-
field values of the ordered magnetic moments at satura-
tion partly deviate from the experimentally deduced
value. For K,UCl;s we calculate 1.7up (observed 3.2up),
for K,UBrs 1.8up (observed 2.3up) and for K,UIs 2.0ug
(observed 1.8up). This indicates that we are not dealing
with a mean-field system and the pronounced low dimen-
sionality should be taken into account.

The analysis of the crystal-field level scheme of systems
without a center of point symmetry at the site of the mag-
netic ion usually fails due to the large number of indepen-

TABLE VI. Calculated and observed CEF energy levels AE and transition intensities for K,UCl;,

K,UBrs, and K,UI;. INS: inelastic neutron scattering, Lum.: luminescence measurements.

CEF AE (obs) AE (obs) CEF Int. (obs)
level AE (calc) INS Lum. transition Int. (calc) INS

(K,UCly)
B 9.44 9.6(3) 9.30 A—B 1.00 1.0(1)
C 18.69 18.9(3) 17.85 A—-C 0.67 0.7(1)
D 36.18 36.08 A—D 0.08
E 58.95 59.14 A—E 0.05

(K,UBrs)
B 7.47 7.5(2) 7.44 A—B 1.00 1.00(4)
C 14.49 14.5(3) 14.01 A—C 0.72 0.56(6)
D 28.95 28.76 A—D 0.08
E 48.61 48.73 A—E 0.05

(KzUls)

B 4.63 4.7(1) 4.59 A—B 1.00 1.00(2)
(o] 10.00 10.2(4) 10.29 A—C 0.66 0.3(1)
D 20.22 19.9(5) 21.08 A—D 0.10 0.3(3)
E 36.18 36.58 A—E 0.06
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FIG. 11. Temperature depen-
dence of the spontaneous magne-
tization of K,UIls; and K,UBrs.
The dashed lines denote a
mean-field calculation on the
basis of the CEF parameters, the
solid lines are the results of the
two-dimensional anisotropic Is-
! ing model with use of the param-

I eters of Table IV.
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dent and nonzero crystal-field parameters. Due to the
use of experimental results of neutron spectroscopic and
optical measurements and the introduction of geometri-
cal coordination factors, which lead to a drastic reduc-
tion of independent crystal-field parameters, we found a
unique and reasonable solution of the crystalline electric
field of K,UXj.

VI. DISCUSSION AND SUMMARY

We have presented a consistent physical analysis of the
magnetic interactions and magnetic ordering phenomena
as well as of crystal-field effects in the uranium chain
compounds K,UX (X =Cl,Br,I) on the basis of a two-
dimensional Ising model. The application of various
complementary experimental methods, like elastic and in-
elastic neutron scattering and measurements of the
specific heat, leads to a consistent picture of the magnetic
phases and the crystalline electric field as well. The key
to the understanding of the magnetic properties lies in
the chemical chain structure of these compounds and
therefore in the interplay of intra- and inter-chain in-
teractions and the resulting anisotropy of the system.
Due to the dominant intrachain coupling, short-range
one-dimensional ordering occurs at temperatures of ap-
proximately 10Ty which releases almost 90% of the mag-
netic entropy in the range down to Ty. At the Néel tem-
perature T the interchain interaction drives the system
to a long-range three-dimensional ordered magnetic state.
Neutron-scattering investigations revealed that the
chloride and the bromide order in a similar way whereas
the iodide adopts a different but very closely related anti-

1
0.6 0.8 1.0 1.2
Tﬂ'N

ferromagnetic structure. This is presumably due to a
slight decrease of the ratio of inter- and intrachain urani-
um distances:  dj /dina =1.509 (K,UCl), 1.502
(K,UBrs5), and 1.498 (K,UI). In all three compounds we
find a linear dependence of the Néel temperature Ty on
the intra- and interchain distances. Ty and the ordered
magnetic moment of the ion U3 decrease along the
series Cl, Br, I.

The temperature behavior of the spontaneous magneti-
zation is very sensitive to the dimensionality and the type
of interaction, expressed by the value of the critical pa-
rameter . The applicability of the parameters listed in
Table IV to the measurements of the temperature depen-
dence of the magnetic moment derived by neutron-
scattering experiments is therefore a crucial test of our
model. In Fig. 11 we compare the experimental points of
K,UBrs and K,UI; with the results of the two-
dimensional Ising model (corresponding to the parame-
ters of Table IV, yielding the critical exponent S=0.125)
and a mean-field calculation (8=0.5) on the basis of the
crystalline electric-field parameters (Table V). The agree-
ment with the former model is obvious and shows that
K,UXj acts as an effective two-dimensional Ising system.
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