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Ahstraet--A powder sample of the monoclinic, weak ferromagnet CuF2 was investigated by neutron 
diffraction. Using the profile method, the crystal structure was refined and the spin configuration 
determined. The layer type structure with planar quadratic fluorine coordination of Cu 2÷ (3d 9) and the 
magnetic structure are remarkably similar to those of AgF2. The spin configuration is however 
different from the magnetic structures of other 3d-fluorides; the magnetic unit cell is doubled with 
respect to the chemical cell (a,~ = 2a, P2dc). The ordered magnetic saturation moment corresponds to 
quenched orbital momentum. 

1. INTRODUCTION 
Complementary  to a former  investigation of the 
weak 4d 9 ferromagnet  AgF2[1], we performed the 
present  neutron diffraction' study of weakly fer- 
romagnetic  CuF2[2], where Cu 2÷ has the 3d 9 
electron configuration. There seem to be striking 
analogies in the magnetic propert ies  and the crystal  
structures of these compounds.  On the other hand 
it is interesting to discuss the magnetic ordering of 
CuF2 with respect  to the well-known magnetism of 
the difluorides MF2; M = Mn, Fe,  Co, Ni[3], which 
possess  the tetragonal rutile structure where the 
coordinat ion of the divalent  3d metal ions by  
fluorine is almost regularly octahedral.  Except  for 
VF2, which has a spiral spin structure[4], the 
antiferromagnetic fluorides MF2 including CrF2[5] 
(with a monoclinic distorted rutile structure 
isotypic to the structure repor ted for CuF2) have a 
magnetic unit cell of the same size as the chemical 
unit cell. The magnetic moments  of the metal ions 
at the unit cell corners are oriented antiparallel to 
the moment  of the ion in the center  of the unit cell 
( type 1 order). 

Joenk and Bozorth [2] discussed the bulk magne- 
tic propert ies  of CuF2, using this model. By 
measurements  of the magnetic susceptibili ty,  the 

N6el temperature  TN was determined to be 69 K. 
The basic ant iferromagnetism of CuF2 is further  
confirmed by the negative paramagnetic  Curie 
temperature:  0 = - 2 0 0  K. At  temperatures  below 
TN, the existence of a weak ferromagnetic  moment  
was established, which at 4.2 K corresponds to a 
canting angle for the spins of approximately  only 
0.01 °. 

The monoclinic crystal structure of CuF2 was 
determined by Billy and Haendler[6],  using single 
crystal  X-ray diffraction techniques. Neutron diff- 
raction allows a more accurate  determinat ion of the 
fluorine posit ions than X-ray diffraction, because 
the nuclear neutron scattering ampli tudes of Cu and 
F are of comparable  size. In particular,  the 
knowledge of the fluorine coordinat ion around 
copper  is of physical  interest  with respect  to 
super-exchange  and crystal  field effects. In view of 
the 3d 9 electron configuration of octahedral ly 
coordinated Cu 2÷, strong Jahn-Tel ler  distort ions 
corresponding to the published structure are to be 
expected [7]. 

In the following we report ,  after a brief 
descript ion of sample preparat ion and experimental  
procedures ,  on the refinement of the nuclear 
structure and on the determinat ion of the magnetic 
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ordering of copper(II) fluoride. In particular, the 
results are discussed with respect to magnetic 
properties and crystal structures of related solids. 

2. EXPERIMENTAL 

Commercially available polycrystalline cop- 
per(II) fluoride (Koch-Light Laboratories, Eng- 
land) is light-blue colored and contains 56.28 at. % 
Cu, corresponding to less than 90 per cent 
CuF2. It was purified by slowly heating finely 
powdered samples in a stream of dry hydrogen 
fluoride. Excessive heating periods and tempera- 
tures higher than 473 K should be avoided, since 
otherwise red products with a mole fraction of 
F/Cu < 2, presumably mixed valency compounds, 
will be formed. After cooling to room temperature 
under nitrogen, the material was transferred to a 
glove box filled with helium in order to prevent 
contact with the atmosphere. A white powder of 
the following composition was obtained (Found: 
Cu, 62.28; F, 37-5. Calc. for CuF2: Cu, 62.58; F, 
37-42%). 

A sample was filled into a cylindrical vanadium 
container of 2 cm dia. and approx. 5 cm height 
which was then sealed vacuum-tight by electron 
welding. The neutron diffraction measurements 
were made on a triple-axis spectrometer (in the 
two-axis mode of operation) at reactor SAPHIR in 
Wfirenlingen. The wave-length )t = (2-347--+ 0-002) 
.~ was obtained from a vertically bent graphite 
monochromator. A filter of pyrolythic graphite 
reduced higher order contaminations virtually 
complet.ely. Apart from beam reductions, only one 
20'-Soller collimator between sample and detector 
was used in the experiment. 

3. REFINEMENT OF THE CRYSTAL STRUCTURE 

Neutron diffraction patterns of CuF, were 
measured at 293, 77-3 and 4.2K. The neutron 
diagram at 77.3 K in the paramagnetic state and at 
4-2 K for the antiferromagnetically ordered phase 
are shown in Fig. 1. 

At room temperature and 77.3 K, only nuclear 
reflections are present, which confirm the structure 
de.terminedby Billy and Haendler [6]. CuF2 crystal- 
lizes with.the monoclinic space group symmetry 
P21/c(CS2h). Fluorine occupies the general positions 
4e : +- (x,y,z ; x , 1 / 2 -  y,1/2 + z), copper the special 
positions 2a: (0,0,0; 0,1/2,1/2). Thus copper defines 
an "A sublattice" with respect to this unit cell. The 
pt~blished structure was described in the P2~/n 
setting, with copper forming an " I  sublattice", as is 
indicated in Fig. 2. It appears then to be a 

considerably distorted rutile structure. For the 
present work, however, we prefer the P 2 J c  
setting, because in this way the simplest description 
as a layer type structure and the smallest magnetic 
unit cell are obtained. 

The measured neutron intensities were corrected 
for absorption; the product of the sample radius 
and the linear absorption coefficient/xR = 0.31 was 
determined by transmission measurements. The 
data analysis was made by means of Rietveld's 
profile refinement method[8]. As is evident from 
Fig. 1, the assumption of a Gaussian shape of the 
Bragg reflections is well fulfilled. The half-width 
H W  of the peaks can be described by three 
resolution parameters according to the relation 
H W  2 = PH.tg20 + QH.tgO +RH,  where 0 repres- 
ents the Bragg angle. The nuclear scattering lengths 
used were published by Bacon[10]. 

The resulting structure parameters are summar- 
ized in Table 1, together with the values from the 
published X-ray diffraction experiments. The fol- 
lowing instrumental parameters were refined but 
are not listed: scale factor C, zeropoint 200 of the 
scattering angles and the halfwidth parameters 
(PH=6-5 ,  Q H = - 3 - 6 ,  R H =  1.0, in units of 
(degrees)2). Interatomic distances and angles of 
interest with respect to the octahedral fluorine 
coordination of copper and to probable super- 
exchange interactions are summarized in Table 2. 

The fluorine coordination of Cu 2÷ at the tempera- 
ture of liquid helium is shown in Fig. 3. It may be 
described by a strongly distorted octahedron with 
point symmetry I. There are four characteristic 
short bonds with approximate length 1.93 ~, along 
the half-diagonals of an almost perfect CuF4 
square. Two long bonds of 2.298 A which are not 
parallel to the normal of the square, form an angle 
of almost 90 ° with the shortest bond (1.917 A) and 
the angle F4-Cu-F5 of 78.08 ° with the second CuF 
distance (1.932A). As shown in Table 2, the 
fluorine coordination of Cr 2+ in CrF2 is remarkably 
similar. On the other hand, the tetragonal fluorides 
with rutile structure show almost regular octahedral 
coordination with distances metal to fluorine of 2.0 
to 2.1~k. Compared to orthorhombic AgF2[1] the 
CuF4 square is slightly less distorted than the AgF4 
square and the difference between long and short 
bonds is smaller. 

Similar to AgF2, the CuF2 structure may be 
considered as being built of chessboard-like puc- 
kered layers of CuF, squares shown in Figs. 2 and 
4. These layers are parallel to the (100) plane, and 
the complete structure is arrived at by stacking 
them along the a-axis. On the other hand, in AgF2 
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Fig. 1. Observed (points) and calculated (lines) absorption corrected neutron diffraction patterns of 
polycrystalline CuFz in the paramagnetic phase at 77.3 K and in the antiferromagnetically ordered state 
at 4.2 K (background subtracted)./,, = neutron intensity, 20 = scattering angle. The upper diagram is 
indexed on the basis of the chemical unit cell in the P2,/c setting, whereas the lower diagram refers to 

the magnetic unit cell with P, 2,/c symmetry. The index m designates magnetic Bragg peaks. 
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neighbouring square layers are related by a glide 
plane. 

The contract ion of the unit cell of CuF2 with 
decreasing temperature  is strongly anisotropic.  The 
main change is in the distance a × sin/3 (2.818 .~a t  
4.2 K) between the square layers which decreases  
in the temperature  range from 293 to 4.2 K by 
5.3%0, whereas b and c, i.e. the distances within the 
square layers,  change only by 0.2-0"7%o. This 
implies an elongation with increasing temperature  
of the coordinat ion octahedron of copper  along the 
long bonds. 

The crystal  structure suggests mainly a 132 ° 

superexchange interaction Cu2+--F- - -Cu ~÷ within a 
square layer involving two short  C u - - F  bonds with 
a direct distance C u - - C u  of 3.521 .A., and a 102" 
super-exchange interaction between two neigh- 
bouring layers via one long and one short  Cu F 
bond in CuF6 octahedra  sharing a common edge, 
with a direct C u - - C u  distance of a = 3.294 ~,. 

4. DETERMINATION OF THE ANTIFERROMAGNETIC 
STRUCTURE 

The 4-2 K neutron diffraction pat tern of CuF2 
shown in Fig. 1 contains,  in addit ion to the nuclear 
reflections, Bragg peaks due to three-dimensional  
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Fig. 2. Projection of the crystal and magnetic structure 
of CuF2 (4-2 K) on the (c,a)-plane. Both the unit cells for 
the P2,/c setting (c,a indicated by arrows, e, = e, am = 2a 
for the magnetic structure) and the unit cell for the P2,/n 
setting (c', a') are shown. Fluorine occupies the corners of 
the CuF4 squares around copper ions shown by full and 
broken lines. Dotted lines indicate the octahedral F- 
coordination of Cu 2÷ at the origin. @, O: y = 0; &, A: 
y = 1/2; filled (open) symbols indicate magnetic moments 

pointing "'up" ("down"). 
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Fluorine coordination of copper at 4-2 K. The 
distances are given in ~ units. 

antiferromagnetic long-range order. These magne- 
tic reflections can be indexed on the basis of a 
magnetic unit cell, which is doubled along the a 
axis (setting P 2 d c ) w i t h  respect to the chemical 
cell. Only the magnetic peaks 101m, 110, and 101= 
are clearly visible. 
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F- I (3) 
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b 

Fig. 4. Characteristic, puckered layers of CuF4 squares 
in CuF2 at 4.2 K. Double lines indicate positive x values. 

The highest symmetric Shubnikov group related 
to P2t/c and containing an antitranslation (a)' is 
Pa2dc [12]. Table 3 shows the orientations of the 
magnetic moments (axial vectors) in this case. The 
x- and z-components  have the same + - - +  
pattern, which leads to allowed magnetic reflections 
with Miller indices h = 2 u + l ,  k + b = 2 v + l ;  
u,v = integers. This configuration suffices to exp- 
lain the appearance of the observed magnetic 
peaks; the + -  + -  pattern of the y-components  
leads to allowed but experimentally not observed 
reflections with h = 2u + 1, k + b = 2v. This might 
suggest zero or very small y-components.  Magnetic 
contributions to nuclear reflections would arise 
from a ferromagnetic component  whose existence 
is not possible under the symmetry Po2dc. 

Refinement of the model with the magnetic 
moment  component  t~y = 0, using the three ob- 
served magnetic peaks, resulted in /~, = 
(0-85 - 0.03)/x8, ~= = (0.37 -+ 0.06)/xB, /z = 
(0-73 -+ 0.03)/xB with R,, = 20.9 per cent (RWp = 5.1 
per cent). The calculations were based on a 
theoretical spherical neutron magnetic form factor 
of Cu2+[13]. Using the general Halpern-Johnson 
formula for the magnetic neutron intensity[8], 
contributions from hkl and hkl reflections (having 
the same interptanar spacing d) were superim- 
posed. By assuming however the + - -  + arrange- 
ment also for the y-components  of the magnetic 
moments,  i.e. the Shubnikov group P,1 with the 
additional requirement of only parallel and an-  
tiparallel moments,  the fit is already improved for 
the contrary case/-~x =/~z = 0, resulting in/~y =/~ = 
(0.71 +-0.02)/~ and R= = 10.9 per cent ( R W  = 4.9 
per cent). Since the profile intensities (RWo) are 
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Table 1. Structure parameters of CuF.,, and for comparison those of CrF2 [5] 

1687 

CuF: CrF2 

X [6] N N, X 
293 K 293 K 77.3 K 4.2 K 298 K 

a,a' [~.] 
b,b [~] 
c,c' [A] 
/3,#' [°] 
Xr, X 

3.32, 4.59 3-309(3) 3.296(3) 3.294(3) 3.505, 4.732 
4.54, 4.54 4.569(4) 4.568(4) 4.568(4) 4.718, 4.718 
5.34, 3.32 5.362(5) 5.360(5) 5.358(5) 5.560, 3.505 

121.44,96.67 121.11(3) 121.15(3) 121.17(3) 122.26, 96.52 
0.267, 0.300 0-2558(6) 0-2556(5) 0.2556(6) 0-27, 0-30 
0.256[9] 

y~,y~ 0.300, 0.300 0.2968(4) 0.2978(3) 0.2980(3) 0.30, 0.30 
z ~ , z ' F  0.300,0.033 0.2951(5) 0-2942(4) 0.2944(4) 0.30, 0.03 

0-044 [9] 
Bc, [~k z ] -0.09(8) -0.15(7) -0.11(6) 
BF [~.x] 0-21(9) -- 0"06(8) 0.05(8) 
~ [/.~s ] 0.26(9) 
/~, [~B] 0.68(3) 
~ [m,] 0 
/~ [/~] 0.73(2) 
R, 0.017 0.017 0.015 
R~ 0.093 
R W~ 0.051 0.044 0"047 

N indicates results from neutron diffraction, X refers to X-ray investigations. The standard 
deviations, given in parentheses, relate to the last digit. Unprimed and primed lattice constants 
a, b, c,/3, etc. refer to the P2t/c and P2Jn cells, respectively, xF, YF, zF = position parameters 
of fluorine; B =Debye-Waller  parameter (temperature factor e-aC~°°s~2); /~x, p.y, p.: = 
components of the magnetic moment along a,b,c; ~ = magnitude of the total magnetic moment. 
R,,R,, and RW,, are the usual ratio criteria for agreement between calculated and observed 
intensities: R, for nuclear, R~ for magnetic integrated, and RW,, for weighted profile 
intensities [8]. 

Table 2. Selected distances and angles in CuF_, in comparison to those of CrF2 [5] 

No. 

Atom Distance (A) CuF2 
Temperature (K) 

Type Position Angle (°) 293 77-3 4.2 

CrF~ 

298 

0 Cu 0, 0, 0 0-1, 0-2* 1.917(2) 1.916(2) 1.917(2) 
1 F xF, YF, zF 0-3, 0-4* 1-936(2) 1.934(2) 1-932(2) 
2 F -x~, - y~,-  z~ 0-5, 0-6* 2.310(3) 2.300(2) 2.298(3) 
3 F xF, ½ - y~, - ½ + zr 1-3, 2-4* 2.715(3) 2.715(3) 2.715(3) 
4 F -x~, -½ + yp, ~ - zF 1-4, 2-3* 2.734(3) 2.730(2) 2.729(3) 

0-7 3.522(2) 3-521(2) 3-521(2) 

5 F -1  + xF, ½ - Ye, - ½ + zF 1-0-3, 2-0--4* 89-61(8) 89.69(7) 89.69(8) 
6 F 1 - xp, - ½ + YF, ½ - z~ 1-0--4, 2-0-3* 90.39(8) 90-31(7) 90-31(8) 
7 Cu 0, ½, ½ 1-0-6, 2-0-5* 89.09(7) 89.12(6) 89.17(6) 
8 Cu 1, 0, 0 1-0-5, 2-0-6* 90.91(7) 90.88(6) 90.83(6) 

3-0-6, 4-0-5* 78.0(1) 78.11(8) 78-08(8) 

3-0-5r 4-0-6,* 102-0(1) 101-89(8) 101.92(8) 
0-3-8, 0-6-8 
0-1-7 132.2(I) 132.26(9) 132.3(1) 

1.999 
2.036 
2.374 
2.820 
2.887 
3.646 

88.66 
91.34 
88.78 
91.22 
75"00 

105.00 

129.3 

Estimated standard deviations are given in parentheses. * concerns the coordination around Cu(0, 0, 0). 

obv ious ly  domina ted  by the  s t rong nuc lear  ref lec-  
t ions,  we  used  fo r  fu r the r  ca lcula t ions  the meas-  
ured integrated intensi t ies  of  the  three  obse rved  
magnet ic  peaks ,  co r r ec t ed  fo r  scale and L o r e n t z  

fac tors  and d iv ided by the mul t ip l ic i ty  as ob ta ined  
f r o m  the  profile fit (for /~ =/z~ = 0). Assuming  a 
genera l  m o m e n t  or ienta t ion  (+ - - + configurat ion)  
the ca lcula ted  intensi ty  (averaged  o v e r  hkl and hkl, 
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Table 3. Orientations of the magnetic 
moments with components p.~,/x,, and/~, 
for the Shubnikov group P,2dc  and the 

special positions 2a (0, 0, 0) 

x y z /.~ /~y /h 

0 0 0 + + + 

1/2 0 0 - - - 

0 1/2 1/2 - + - 

1 / 2  1/2 I/2 + - + 

which are not equivalent under the triclinic 
symmetry)  is I ,  "*~= 16(0,2695)2/x2f2e -2 3Cuai"/A)2 
{1 - (d//~) 2 [(hlz~/a) 2 + ( k l ~ / b )  2 + ( l ~ / c )  2 + 

2hl~tL~/ac]},  where ~ denotes the ordered magne- 
t ic  moment in units of Bohr magnetons [8]. If the 
moment orientation is described in a Cartesian 
coordinate system with 6 parallel to the c axis, 
parallel to the b axis and ~ perpendicular to, the 
(g, ~) plane and With # and O being the polar angles 
to the ~ and ~ axes, then one obtains ~ =/~ sin O 
sin 0/sin/3, fly = ~  cos ~ , / ~  = ~  sin ~ (cos 0 -  sin 
O cot/3) ,  rim ~°~ values were computed on a coarse 
grid in (O, 0) space and compared to Im °b` in order to 
determine approximately best values for theangles 

and O and the magnet ic  moment. Some 
illustrative results are given in Table 4. Clearly the 
magnetic moments orient within the (a, b) plane, 
with the main component  along the b axis. The 
relative signs of the x-  and y-components  cannot 
be determined from the present neutron results (as 
can be seen from the formula of Im~"l~). The first 
possible solution with positive /z~ and /xy values 
was used for a final profile refinement including all 
magnetic and nuclear reflections in the scattering 
angle range of the measurement. The results are 
summarized in Table 1. 

According to this model, the antiferromagnetic 
structure of CuF2 consists of ferromagnetic planes 
parallel to (102) in the P2~/c setting, with antiparal- 
lel moment  orientation in adjacent layers. Within 

T~ le4 .  Poss~lema~eticmomemofientationsofCuF2 
~ 4 . 2 K  

R W  0 p ~ ~ ~ ~z 
(D (~,) 

0.264 90 90 0.74 0.86 0 0.45 
0,131 0 0 0.70 0 0.70 0 
0'025 30 120 0.75 0.38 0.65 0.01 
0.025 30 300 0.75 --0-38 0 - 6 5  --0.01 

Rw'--  t(i. oo'o - x : ' ) / a x . O " l : / 2  (i.0"./aI:,): 
I t~ = 0,50 ± 0-01, IL'b °, = 0.23 ± 0.01, I',°~ = 0-45 ± 0.03. 

the characteristic Sheets formed by CuF4 squares, 
copper atoms centered in squares with a common 
fluorine atom have opposite spin directions. Neigh- 
bouring layers show also antiparallel moment  
orientations. At 4.2 K, the magnetic moments of 
magnitude (0.73 -+ 0-02)/xB are tilted (21 - 6) ° from 
the b axis in the (a, b) plane. The magnitude of the 
moment indicates quenching of the orbital con- 
tribution due to the strong crystalline electric field, 
i.e. it corresponds approximately to the spin only 
saturation value of Cu 2+ with 3d 9 electron configu- 
ration (the free ion ground state 2D splits in the case 
of regular octahedral coordination into a F3 = E 
doublet and a F5 = T2 triplet, further ~eduction of 
the degeneracy for planar quadratic coordination). 
Corresponding to the observed weak 
ferromagnetism[2] a small ferromagnetic moment 
component  perpendicular to the (a,b) plane is 
possible, but it cannot be detected bY unpolarized 
neutrons. However,  the "overall" symmetry of 
such a magnetic structure with ferromagnetic 
moment components would only correspond to the 
space group P 1 ,  disregarding additional con- 
straints. 

S. CONCLUDING REMARKS 

The magnetic structure of CuF2 represents a new 
type of ordering in the group of the otherwise 
well-known fluorides MF2 of the elements M be- 
longing to the iron group. In the P2~/n setting, the 
magnetic unit cell of CuF2 is doubled in the a' and c' 
directions with respect to the chemical cell, corres- 
ponding to the propagation vector ~r(a*' +c* ' )  in 
reciprocal space. In the orthorhombic structure of 
CRC1215], a comparable type of magnetic structure 
was found, but with doubling along the b '  and c '  
axes. Both cases correspond (in the description as 
distorted rutile structures) to a body-centered tet- 
ragonal, antiferromagnetic ordering of the third 
kind, which is known from molecular field theory of 
magnetically ordered states[14] (exchange con- 
stants dT3 < 0 for CrC12 and J2 < 0, Is~l < IJ~l for 
CuF2). 

There is a close similarity in the magnetic struc- 
tures of CuF2 and AgF2, presumably caused by 
comparable super-exchange interactions and similar 
electronic configurations in these related layer type 
structures. In both cases, the metal ions M in 
corner-linked MF4 squares have opposite moment 
directions, and neighbouring layers have antiparal- 
lel Spin orientations. The :ordered magnetic mo- 
ments are oriented predominantly parallel to the 
characteristic layers. 

Depending o n  the magnitudes of the different 
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exchange interactions, there might exist in CuF2 a 
temperature region, where two-dimensional magne- 
tic correlations corresponding to the layer type 
structure dominate. However,  because of the small 
magnetic moment  of copper(II), it is difficult to 
obtain direct diffraction evidence for such a 
phenomenon from studies by means of unpolarized 
neutrons. 

The measured ordered antiferromagnetic moment  
of Cu2+: (0.73 -0.02)/z~ at 4.2 K is smaller than the 
spin only value of 2S/~a = 1/~B. One expects at this 
temperature (TN = 69 K) almost complete satura- 
tion of the magnetic moment  (the ferromagnetic 
component  is known to be very small). The moment  
reduction might be caused to some extent by 
imperfections, e.g. impurities, but is more probably 
due to quantum spin wave[15] and covalency[16] 
effects. 
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