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We present an overview of recent results from nonresonant magnetic diffraction experiments on the antifer-
romagnetic compounds MaF FeF,, CoF,, and NiF, using high-energy synchrotron radiation of photon
energies above 100 keV. New results are presented on the determination of the spin and/&f i@ for
CoF, and NiR,. For CoF, the saturation value of the long-range-ordered pure $&pircomponentS,
=1.11(1) is considerably lower than the valBg=3/2 for the free C&" ion. This is in contrast to our results
for NiF,, where the full spin of the free transition-metal ion was fouBgd; 0.991). The tenperature depen-
dence of the magnetization in the critical region as well as in the low-temperature region is also presented. For
all compounds, Ising behavior is found in the critical regime, whereas the crossover to the low-temperature
spin-wave behavior varies. We attribute this to different anisotropies in this series of compounds.
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[. INTRODUCTION Only with the development of the new synchrotron radia-
tion sources it has become possible to use magnetic x-ray
The transition-metal difluorides were investigated exten-scattering as a method of separating si@nand orbital(L)

sively in the fifties and sixties. Lately, renewed interest inmoment contributions directly. The ratlo/S can be deter-

MnF, has arisen, since it is an excellent material for study ofnined with nonresonant magnetic scattering in the regime of

the properties of the magnetic x-ray scattering cross sectiofonventional hard x-ray energié$—20 keV by using polar-

at high photon energies. It has been shown that the absolutétion analysis. Here, one takes advantage of the different

magnetic moment can be deduced very reliably by thidoolarization factors of the spin and orbital components in the

method? Due to the high momentum space resolution, a Venmagnetic scattering cross section. This technique is accurate
) L o ’ 0 inati i
accurate determination of the critical exponent at the phas%’ about 10 t/.°7' By ‘;"mbéf.‘f?“mt‘. of thﬁ.seh results W'ththth(isf |
transition is possibl@.Studies of the other transition-metal rom magnetic neutron ditiraction, which measures the tota
difluorides Fek,® CoF,, and NiF were subsequently under- magnetic momenéincluding spin and orbital pastthe spin
’ 2 9 y magnetic moment can be extracted. Other indirect methods

taken. It bec_ame clear that interesting features related to th measuring the spin magnetic moment include nuclear-
spin magnetic moment and the low-temperature behavior agnetic-resonanceNMR) and far-infrared absorption
the magnetic moment are present. spectroscop§?

The fluorides we investigated all have the same tetragonal’ |, contrast, high-energy magnetic x-ray diffraction is sen-
rutile-type crystal structure with space groBd,/mnm(see  sitive only to the ordered spin component; the spin magnetic
Fig. 2); NiF, develops a small orthorhombic distortion below moment is measured directly. When the magnetic signal is
Ty.* At low temperatures, Mnf; FeR, and Cok exhibit a  normalized to the charge signal, this value can be determined
two-sublattice antiferromagnetic ordering in which all spinson an absolute scale with an accuracy of about®ZPhis
are aligned along the tetragor@éixis. In NiF,, the moments normalization technique is analogous to that of magnetic
lie in the ab plane at an angle of about 0.9° to theaxis,  neutron diffraction, in which the absolute value of the total
resulting in a small ferromagnetic moment along the magnetic moment can be determined by normalizing the
axis>® Due to the non-symmorphic space group, the Braggnagnetic scattering to the nuclear signal.

reflections of type §00) and (0@) with h or € odd are The saturation values of the pure magnetic spin moments
extinct in all compounds, allowing the measurement of theof MnF, and Fel have already been determined by high
weak magnetic reflections at these positions. energy x-ray diffractiort:® It turns out that in these materials,

In the series of transition-metal difluorides, only MnF the measured spin magnetic moment is, within error, identi-
does not show an orbital contribution to the magnetic mo-cal to the spin moment expected for the free magnetic ion
ment. This is as expected for a half-filled 3hell. The other (5ug for MnF,, and 4ug for FeF,). This is apparently not
three compounds show a significant albeit quenched orbitahe case for Cof for which both calculation and indirect
contribution to the magnetic moment. This quenching is onlymeasurements suggest an effective spin considerably lower
partially lifted by the spin-orbit. S coupling. than the free ion value @=3/2 for C&*. In this paper we
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present an investigation of the spin magnetic moments of thein ¢ with respect taS, in the scattering cross sectiéihe
remaining members of the series: Gagnd NiF,. validity of Eq. (2.1) for energies larger than 100 keV has
In addition to determining the magnetic moment, we havebeen demonstrated experimentallgnd later confirmed
investigated the magnetic phase transition, as well as thgeoretically'> Hence, to a first approximation, no orbital
temperature dependence of the magnetic Bragg intensitiegontribution to the magnetic signal exists with this method.
The investigation of the temperature dependence with highFor neutrons, on the other hand, the diffracted intensity is
energy x rays takes advantage of the high-moment@n ,qhortional to the linear combinatidi(Q) +28(3) of the
space resolution of x-ray diffraction at the synchrotron COMqyyier transforms of the orbital and spin angular momenta.
pared to that in neutron scattering experiments. Because &f, ;s by combining the results of high-energy x-ray and
the narrow rocking curves of the Bragg reflections, the Bragg,etron-diffraction experiments, orbital and spin contribu-
intensity can easily be separated from the much wider diffusgons can be separated without further theoretical assump-
scattering background in the critical regime near theelNe oo
temperature. Also, the separation of the weak magnetic re- 1o high-energy scattering cross secti@il) shows no

flections from Renninger reflections arising due to multipleq)arization dependence. This implies that it is not possible
scattering at the charge-forbidden positions is more easily, identify the magnetic character of a scattered signal by
done._ , , ) L polarization analysis, as is possible for medium-energy x
_An introduction to high-energy x-ray diffraction is given rays |t is, however, possible to identify the magnetic contri-
in Sec. Il. The formalism for obtaining the spin form factor is j tion from angular and temperature dependences.
presented in Sec. Il In Sec. IV, the experimental setup and * gjce the small magnetic intensities are diffracted purely
the properties of the CgRand NiF, crystals are detailed. The kinematically, an enhancement due to the sample volume

results of the temperature-dependent measurements, as Wgllo,rs. Maximum magnetic intensities are thus obtained for

as the determination of the absolute magnetic moment, arg;mpje thicknesses on the order of the absorption length.
given in Sec. V. The corrections which have been applied are

discussed. Finally, the results are discussed in Sec. VI and
summarized in Sec. VILI. Ill. SPIN MAGNETIC MOMENTS FROM HIGH-ENERGY

PHOTON DIFFRACTION

[l. HIGH-ENERGY x-RAY DIFFRACTION To obtain absolute values for the spin magnetic structure
: . L factor and thus the spin magnetic moment, it is necessary to
High-energy x-ray diffraction is complementary to neu- ! o v .

. S 97 - normalize the measured magnetic intensities to a quantity
tron diffraction in many respects, mainly due to the low ab- hich tak f th flectivity of the i |
sorption of high-energy photons in matter. This allows us ton e takes account of the reflectivity of the given crystal.

' Such a quantity is the charge-scattered signal, measured in

investigate the bulk properties of the same materials with 2
. . xactly the same geometry as the magnetic signal. Neverthe-
neutrons and high-energy x rays, even with the same samplé

environment<® Due to the high momentum space resolution € to be able to use this signal for normalization, either the
e g 4 P 5 R 1 incident intensity has to be known very accurately or the
of x-ray diffraction (on the order of 10% to 10 ° A1),

Bragq intensities can be separated verv well from Criticalcharge structure factors have to be known. Since the first
99 b y requirement is hard to fulfill at the synchrotron with the ac-

diffuse background. Critical phenomena can thus be 'nveSt!éuracy needed here, we used the second method.

gated \.Nith great accuracy. \We usgd high-energy Magnetic s in addition to the magnetic reflections, charge re-
x-ray diffraction as a probe to investigate the magnetic pmp.flections’ have to be measured. The problem \,NhiCh arises

erties relate_o_l to the pure spin moment and the ma_gnetlﬁere is the limited dynamical range of photon detectors. It is
phase transitions. The differential scattering cross section for

T . . . ot possible to measure the weak magnetic signal and the
magnetic dlffrac.tlon for high photon energies above 80 ke\/;trong charge signal in the same configuration. To measure
takes the following simple forrt

the charge signal, the photon beam has to be attenuated, e.g.,
do ,(\c)? by thick iron absorbers, which have to be calibrated in order
m:ro(ﬁ) 1S, |2, (2.1)  to obtain the true photon count rateee Sec. VB The ab-

solute magnetic structure factor is then calculated from the
wherer, is the classical electron radius: the Compton magnetic and charge-scattered intensities according to the
wavelengthd the interplanar lattice spacing, asd the Fou-  following equation which derives from E€2.1), with incor-

rier transform of the spin component perpendicular to theporation of the geometry of the experiment and some sample

diffraction plane. Because both the prefactors in Efjl)  properties:

and the ratio of the number of unpaired electrons to the total

number of electrons are small quantities, the magnetic signal , Im[d ?sin26,, 5 Yext

for transition-metal compounds is typically six orders of [Pl :K sin26. [Fel Wp,'

magnitude smaller than the signal from charge scattering.

For nonzerdQ values, the next significant contributions arise Herel ,, is the integrated magnetic intensity,the integrated

from spin and orbital contributions in the scattering planeintensity of the charge reflections, amy, and 6, are the

perpendicular to the scattering vector. These are insignificarragg angles of the magnetic and the charge reflections, re-

in our scattering geometry because of the experimental corspectively.F is the charge-density structure factor including
figuration. In addition, these contributions are suppressed bthe Debye-Waller facton,,; is the corresponding extinction

Ac

(3.9
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coefficient, andw,, is the Debye-Waller factor of the mag- [
netic reflection. The most critical variable 8., which 1000
must be determined experimentalsee Sec. VR r
The magnetic structure factor for a neutron diffraction
experiment in the dipole approximation for transition metal

1 1500

800

ions ist® g
F(Q)=9,Sf(Q) (3.2 § 600 1000
< I I
=25(jo(Q)) B3 = [
_ _ £ 400
(92— 1)({jo(Q)) +(j2(Q))], B4 = 0

500
with g,=(0|L,+2S,|0)/(0|S,|0) the gyromagnetic ratio,
where |0) denotes the ground state wave function. In the
case of high-energy x rays, only the first pé&3t3) is mea-
sured, whereas the second pé3td) represents the orbital

200

0 1 0 1 1 1

contribution. High-energy magnetic diffraction and neutron 25 0 25 30 -15 0 15 30
diffraction are thus complementary probes which allow us to Angle (arcsec) Angle (arcsec)
separate the spin and orbital components.
Finally, the magnetic structure factét,,(Q) is directly FIG. 1. Rocking curve ofa) the magnetiq300) reflection of
related to the magnetic moment by CoFR, at 5 K and(b) the magneti€001) reflection of NiF; at 10 K.
The FWHM's are 8.4 and 10.1 arcsec, respectively, using an imper-
Fn(Q=0) S fect S{311) monochromator. The lines show a Gaussian fit to the
Mcorr= N X (S (3.9 data.
m 0

whereN,, denotes the number of magnetic ions per unit cell300) reflection in this case was B arcsec FWHM. A
and the fractionS/(S), denotes the correction for the zero- iquid-nitrogen-cooled Ge solid-state detector was used, pro-
point reduction of the magnetic moment: the actual measuregiding an energy resolution of about 300 eV. The beam size
spin at zero temperature {$), and the pure spin quantum at the sample position wasxi1.5 mnft.
number isS The lattice constants of Cgfarea=b=4.6941 A andc
=3.1698 A at 10 K!® The Cok sample investigated is a
IV. EXPERIMENTAL DETAILS single crystal with a thickness of 1.2 mm and a face of
2.3xX2.2 mnt. For the first experiment at BESSRC, it was
mounted in an open-cycle helium-flow cryostat to reach tem-
peratures as low as 4.6 K. The helium-flow cryostat has the
7 X advantage that it reaches slightly lower temperatures than a
gonne National LaboratoryANL), respectively, and have Displex and, even more importantly, that it has no vibrations.
been described elsewhér%.'l'he experiments on CoFand  \jprations would have made an absolute measurement of
NiF, were conducted at the high-energy wiggler beamline ofyystals of the quality of the CaFerystal impossible, since
the Basic Energy Science Synchrotron Radiation Cl]':“i“‘terthey result in a rocking of the crystal by several arcseconds.
(BESSRQ and at the high-energy undulator station of the\ypije diffracting from (00) reflections, the axis of the
Midwest University Collaborative Access TedhtMu-CAT) crystal was oriented perpendicular to the diffraction plane.

at the APS. Since the magnetic moments in Godtre aligned along the

At BESSRC, an annealed SL1) crystal (0=1.9°, s (Fig. 2), the total magnetic spin moment was thereby
AXN/N=0.003) was chosen as the monochromator. The crys-

tal diffracts the wiggler beam horizontally into the experi-
mental hutch, providing a photon energy of 115 keV and
suppressing the second harmonic. The vertical scattering
plane was defined by a second monochromator in the experi-
mental station. To get maximum intensity, an annealed
Si(220 monochromator with a rocking curve width of 6 arc-
sec at 115 keV was used. Since the rocking curve width of
the Cok (300) magnetic reflection is very narrow, with a full
width at half maximum(FWHM) of 8.4 arcsedsee Fig. ], °©
the resolution function broadens the reflection width consid-

erably. To determine the true rocking curve width of the

sample, a perfect 820 crystal was used temporarily as

second monochromator, with a rocking curve width of 0.4  FIG. 2. Unit cell of Cof. The arrows show the directions of the
arcsec at 115 keV. The rocking curve width of the magnetianagnetic moments in the antiferromagnetic phase.

The experiments on MnFand Fek were performed at
the European Synchrotron Radiation Facili(SRBP in
Grenoble and the Advanced Photon Sou(é®S) at Ar-

3.181A
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measuredsee Eq.(2.1)]. ' '

The experiment was conducted in bisecting mode. Thus, it
. -, . * MHF2
was possible to use an additional axis, mounted on top of the
o circle and perpendicular to it, as a trierotation around 100} s FeF,
the scattering vector. This was very convenient in order to.é 9.0 -
avoid Renninger-reflections due to multiple scatteriiyg. = 80 © CoF,

scans, performed while maintaining the reflection condition,-g 7.0
were used to find locations where no Renninger reflectionsy
were superposed on the magnetic reflections. Because of thg
small wavelength, the radius of the Ewald sphere is large,§ 50
and thus the density of Renninger peaks al@ings high.
Nevertheless, they can always be avoided By aotation.
This was discussed in detail in our study of M

The lattice parameters of NjFat room temperature are
a=b=4.6478 A andc=3.0745 A" The magnetic moment
below Ty lies in theab plane with a small ferromagnetic
moment along tha axis. Therefore, a different geometry had
to be chosen. In addition, the crystal has to be rendered mon 0.001 0.010 0.100
odomain, since in the absence of an external magnetic field (Ty-T)/Ty
the crystal formg$110]-twinned magnetic domairfswe used
strong U-shaped permanent magnets to apply a 900 G field FIG. 3. Temperature dependence of the magnetization in the
along the beam direction, thereby orienting the sraadkis  critical region in double logarithmic scale with the respective
ferromagnetic moments parallel to the beam. The crystal wagower-law fit.
mounted with thec axis in the scattering plane. The stag-
gered antiferromagnetic moments were correspondingly orithe power lanm=D 7%, wherer=(1—T/T,) is the reduced
ented perpendicular to the diffraction plane, and thereforéemperature ang the critical exponent. The fit to the data
contributed maximally to the magnetically scattered signal inbetween 34 K and 0.1 K beloWwy yields 8=0.30§6). The
the (0Q@) reflections. power-law fit is shown in Fig. 3 in double-logarithmic scale.

A second experiment on Ceas conducted at Mu-CAT. The low-temperature behavior of the intensity of the €oF
Here, a horizontally diffracting double monochromator wasmagnetic reflections differs significantly from the behavior
used. It was tuned to provide 50-keV photons in the firstfound for the other fluoride compounds but agrees well with
harmonic. The experiment itself was performed using thehe result plotted in Ref. 18 for thd00) magnetic reflection
third harmonic of the monochromator, resulting in a photonmeasured by neutron scattering, as seen in Fig. 4. The curve
energy of 150 keV. The experiment was conducted in thelearly cannot be described by mean-field theory, but instead
horizontal scattering plane. A cryocooled Ge solid-state deshows a behavior closer to that of an Ising magnet.
tector was used. The Celerystal was mounted in an “or- The temperature dependence of the magnetization of NiF
ange” liquid-helium bath cryostat. In this case, titescans in the critical region and over the full temperature range is
were performed with theb tilt underneathy, with w in the ~ shown in Figs. 3 and 5, respectively, together with those of
bisecting geometry. MnF, and Fek. The intensities were determined from scat-
tering of the (001) magnetic reflection betweehy=12 K
and 74.12 K, with the magnetic field constantly applied in
thea direction. From the fit to the data between 68 K and 0.1

We present results on Celnd NiF,. These are the tem- K below Ty, we find 5=0.311(4) for the critical exponent,
perature dependence at low temperatures and in the critical value similar to that of Cof(Fig. 3). The behavior over
region and the absolute spin magnetic moment. For comparthe full temperature range beloW outside the critical re-
son, they are shown together with previous results on MnFgion can be described quite well by the mean-field theory, as
and Fek.?*3In the case of the low-temperature behavior ofin the case for Mngand Fek.
the magnetic intensities and the magnetization we have re-
evaluated data from previous measurements on JVarked B. Absolute spin magnetic moment of Cok and NiF,

Fek. The magnetiq100 and (300 reflections of Cok were
measured at BESSRC at the lowest accessible temperature of
A. Temperature behavior 4.6 K. The integrated intensities were determined at several

The temperature dependence of 890 reflection of different positions in¥ with ¥~0 (i.e., S||(k;xki)), and
CoF, was investigated over the entire antiferromagneticthe c axis thus is perpendicular to the scattering plane. Here,
region, from 4.6 K up to the antiferromagnetic-to- k; andk; are the incident and scattered wave vectors, respec-
paramagnetic phase-transition temperafljje=39.14(1) K.  tively. The integrated intensities were determined to an accu-
The smallest temperature step, just bel®y, was 0.1 K.  racy of 3% and 2%, respectively. In additid@00) and(400)
The reduced magnetizatiom=M(T)/M(0) was fitted by charge reflections were measured. These are used to normal-

s+ NiF,

Magnet
~
=
T

V. RESULTS
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FIG. 4. Temperature dependence of the sublattice magnetization FIG. 5. Temperature dependence of the sublattice magnetization
in CoF,. The solid points show the data taken at tB@0) reflection  derived from the magnetit300) reflection of Mnk and Fek and
using 115-keV photons and the open circles are the values obtaindcbm the (001 reflection of Nik, together with mean-field curves
by neutron scattering by Martel, Cowley and Steveng®ef. 18. for S=5/2 (dotted ling, S=2 (dashed linfand S=1 (dash-dotted
The solid line represents the mean-field behavioiSer3/2 and the  line).
dashed line the Ising behavior.

ize the magnetic reflections to obtain absolute magnetic moment, a dead time of only 1.&s was determined, due to the
ments according to Ed3.1). In order to eliminate possible smaller shaping time of the signal amplifier. The intensities
systematic errors due to absorption, extinction, or dead timef the charge reflections, which had to be measured with
of the counting chain, the experiment was repeated undehick Fe attenuators, have been corrected to obtain the true
different conditions of photon energy and scattering geomintensities. The determination of the absorption coefficient at
etry at the Mu-CAT beamline. Since the third harmonic wasBESSRC was made by measuring the intensity with a variety
used in order to obtain 150 keV photon energy, it was nobf attenuator thicknesses, ranging from 51 and 69 mm. The
possible in this second experiment to measure(8®€) re-  absorption coefficientu=0.2168(30) mm! was deter-
flection because th@ 00 reflection diffracts the main wave- mined from the corresponding exponential fit. At Mu-CAT, a
length A simultaneously. We instead used tf&00) reflec- number of 3-mm-thick Fe-absorbers were calibrated indi-
tion, which could be measured very reliably. vidually. This results in an accuracy of the integrated inten-
For NiF,, the magnetid001) and (003 reflections were sities of the charge reflections of better than 2%.
measured a¥ ~0 with an accuracy of 3% and 8%, respec- Extinction turns out to be the most important correction
tively. Here, the magnetic intensities were normalized toinvolved in the determination of the absolute magnetic mo-
the charge intensities obtained from t@02 and (004) ment. However, while absorption can either be calculated
reflections. very reliably or measured directly, extinction is not directly
The charge structure factors, which are essential for thaccessible by either method. The extinction correction for
determination of the absolute magnetic intensities, have bedfeF, (rocking curve FWHM-=45 arcsec) differs only by 1%
determined very accurately byray experiments at a photon when the Zachariaséhor the Becker and Coppens model
energy of 316.5 keV using af’4r source!’ The values for is used. The difference becomes more severe for the almost
the main (00) charge reflections for CoFmeasured at 15 perfect Cok or NiF, crystals, with intrinsic widths ofy
K and given in electron units arfé(200)=20.682, F(400) =6.8(5) andn=38.5(5) arcse¢FWHM), respectively. Here,
=29.954, andF(600)=21.218° The values for Nig for ~ the more accurate and refined model of Becker and Coppens
the (0Q) reflections obtained for 15 K arg=(002) must be used. The rocking curves of the magnetic reflections
=53.159 and=(004)=25.793%" These structure factors are can be described quite well by Gaussians, as shown in Fig. 1
corrected for extinction and include only the Debye-Wallerfor the (300) reflection. Theg value for a Gaussian mosaic
factor. distribution isg= (2In2/m)¥?% 5. The extinction coefficients
The normalization requires different corrections to be apwere determined for th€200 and(400 charge reflections of
plied to the charge intensities. At BESSRC, the dead time o€oF, and the(002) and(004) reflections of Nik.
the counting chain has been measured asu3.5this has The extinction length\ =V ./(ro\|F.|) is of the order of
been applied to the raw intensities. For the Mu-CAT experi-80 um, whereV . is the unit cell volume. Since the mosaic
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block size is much smallgon the order of 1um), primary 257 ' ' ' ' '
extinction effects associated with coherent scattering in ar . 115 keV
individual perfect crystal block are absent. Secondary extinc- [ ]
tion is the loss due to incoherent scattering from several dif- 29 L (100) v 150 keV .
ferent mosaic blocks. As shown ifRef. 22, the type-I i i
model(in which the mosaic block orientation dominatean
be applied. The extinction can then be determined directly
from the parameter. For CoF, the extinction is 42% and 2
44% at 115 keV and 29% and 31% at 150 keV for (@0 oF
and (400 reflections, respectively. In the case of Blikhe a i
extinction for the(002) reflection was severe because of the 1.0 -
comparably very strong structure factor. The extinctions r
were 75% and 25% for thé02 and (004) reflections, re-
spectively, but could nonetheless be accounted for by the
Becker and Coppens extinction model very accurately with
an estimated error of 4% in the extinction coefficignt;. - 500)
The incident flux on the sample as determined from both i
reflections agrees to within 0.5%, which confirms the reli- 0.0 . . . . L
ability of the correction. 0.0 0.1 0.2 0.3 04 0.5 0.6

In the determination of the absolute spin magnetic mo- sinf/A (A‘l)
ments the smallest error is achieved by extrapolation if only .
the reflection with the lowesD is used, e.g(100). At this FIG._ 6. Ab.solute magnetic structure factor of Gait T=5 K
low-Q point, even a considerable difference of the form_determlned with 115-keV and 150-keV photons. The 115 keV data
factor behavior between the theory and the measured data §E"® taken on th&l00 and (300 reflections. The 150-keV data
high Q has a very small effect on the extrapolation. Addi- Were taken on thé€100) and(500) reflections. The solid line shows

i ) e
tional information can be obtained on the behavior of the® fit of (jo) for the free 4 ion to the data.

form factor as a function of Q. Since only the spin COMPO-magnetic moment of the free Ni-ion of u=2ug if a 2%

nent of the magnetic cross section is measug(Q)  reduction due to zero-point motion is considered.

should follow(jo) without the contribution of higher-order  The estimated standard deviations given in Table | are due
functions, as Eq(3.3) shows. This allows us to evaluate tg statistical error in the count rates of the intensities and the
possible contraction or expansion of the wave functions ofjncertainties in the extinction and Debye-Waller factors.

the unpaired electrons with respect to the free-ion form facsystematic errors due to multiple scattering or the extinction
tor, as has been reported in the case of KiO. model are not included in the numbers. They are estimated to

The magnetic structure factor of CoFcalculated accord- |ie in the range of 2—3% of the magnetic moments.
ing to Eq. (3.1) with the above corrections applied to the
charge intensities, is shown in Fig. 6. The 150-keV experi-
ment at Mu-CAT confirmed the 115-keV BESSRC result,
with reduced extinction. The magnetic structure factor deter-
mined from each experiment is given in Table I. The spin
magnetic moment was obtained from a fit of the free ion 1.5
form factor f(Q)=(jo(Q)) to the structure factor values. -
Since(jo(Q=0))=1 by definition, the fit parameter gives
the spin magnetic moment directly. The result is shown in =
Table | for each experiment separatelys and the two  «F
experiments combinedu(s). In the determination ofig the &
(100 value receives a considerably higher weighting. It
should be noted that both experiments give exactly the sami
result. We takeug=2.213(12kg as our final value, uncor-
rected for the zero-point motion. This corresponds S0
=1.1019). Theresulting value if a correction of the zero
point motion of the moment of 2%, similar to Fekis ap-
plied, is ug’""=2.258(15ug . This value is 25% smaller
than the value for the free €6 ion of ug=3ug. 0.0

) . . 0.0 0.2 0.4 0.6

The corresponding data for Nifare also shown in Table . a1
| with the magnetic structure factor obtained from the fit sinB/A (A7)
shown in Fig. 7. The effect of the canting O_f the SF_’"_‘S onthe g 7. Absolute magnetic structure factor of Blifat T
absolute value of the magnetic moment is negligible. The- 10 i determined with 115 keV photons. The solid line shows a
value of ug=1.958(22)ug is identical to the value of the fit of {j,) for the free Nf* ion to the data.

0.5 -

2.0 T T

1.0

014417-6



MAGNETIC PROPERTIES OF TRANSITION META. .. PHYSICAL REVIEW B 69, 014417 (2004

TABLE |. Magnetic structure factor§ =5 K in electron units  raflection was measured most carefully. The value;@f
as derived from Eq(3.1), using (a) the magnetid100 and (300 _ 3 93(4),, given for Fek; is taken from Ref. 3. After cor-

reflections of Cok from the BESSRC experiment af) the (100 o tion for the zero-point reduction of the magnetic moment,

and (500 reflections for the Mu-CAT experiment. Magnetic struc- : . :
ture factors of Nik are derived from thé001) and (003 reflec- we f’t_’ta'r! 4.01(5)g, which shows f[hat t_he spin of the free
F&"-ion is preserved. All values given in Table Il are pre-

tions. The magnetic spin momepis was obtained by fitting the . . .
respective j o) function for each experiment to the data points Sepa_sented without correction for the moment reduction due to

. o — . _ the zero-point motion.
rately, while the mean magnetic spin momeris taken from a fit P
to all of the data from both experiments.

VI. DISCUSSION

Compound  Reflection = us (up) ws (1g) _ _
In this paper we have combined results from gahd
(100 1.99413) NiF, with previous data on MnF (Refs. 2,1 and Fek
CoF; (a) (300 1.03735  2.21022) (Ref. 3. The latter have been reevaluated to take into ac-
(100 2.00727) 2.21317) count factors such as the low-temperature behavior of the
CoF, (b) (500 0.3813)  2.209120 magnetic intensity and in the case of MnRhe use of the
(001 1.58435) Becker and Coppens extinction model, which is more
NiF, (003 0.389163  1.95822 adapted for the small rocking curve widths of this crystal.

As shown in Table Il we find that all four compounds
show Ising-type behavior in the critical region. For MnF

If the values of the experimentally determined magneticand Feb, this was discussed in Refs. 2 and 3 respectively.
structure factor are compared to the tabulated free ion fornfhe value found for Cofof 3=0.306(6) agrees very well
factor(jo), an expansion of the CgRorm factor by about with the result 3=0.305(30) obtained by Cowley and
4% along thea(b) axis can be deduced. In NiFthough the ~ Carneira?® who fit the power law only in a region of a few
error bar of the(005) reflection is considerable, we consis- mK close toTy. In the study presented here, this exponent
tently find a contraction of the magnetic form factor of aboutwas found to be valid over a region betweenTq,/and Ty .
4-7% along the axis. Our data on the spin magnetic moment of MnfFek,
and NiF, confirm the ionic character of these compounds;
the full free-ion moment is found. We cannot reproduce the
results obtained by Brown, Figgis, and Reynéfdé who

In Table II, the measured spin magnetic moments for alsuggest a spin depolarization due to a covalent bond fraction
four fluoride compounds are compared. For Mnthe mag-  of 10% between Fe and F and 28% between Ni and F from
netic structure factors given in Ref. 1 have been reevaluategplarized neutron diffraction andb initio calculations of
using Becker and Coppens extinction model with Gaussiagpin densities in the local density approximation. Our results
line shape. This gives a spin magnetic momentof agree with those of Palmer and Jadéwho performed mul-
=5.04(6)ug. This model is better adapted to the smalltipole refinement ofy-ray diffraction data at room tempera-
rocking curve widths of this crystal then the Zachariaserture, as well as at 15 K and concluded that both compounds
model used previously. If a 2.5% reduction of the momentshow ionic character.
due to zero-point motion is consider&tthis value becomes In contrast, the spin magnetic moment measured for,CoF
5.16(6)ug. This is consistent with the free-ion value af is considerably reduced from the free-ion value. For the four
=b5ug, if the systematic errors given in Ref. 1 are taken intocompounds, the electronic charge-density distributions have
account. The systematic error due to a small contribution obeen studied using highly accurate structure factors mea-
multiple charge scattering for the magnetic Bragg intensitiesured with 316.5-ke\¥ radiation. In all cases, the total num-
can, in the case of Mnf be comparable to the ESD from ber of 3d electrons on the metal iGre., the monopole popu-
counting statistics, while it is estimated to be much smalledation) turned out to be virtually identical with the formal
than 0.06.5 for the other compounds. Here, the magneticinteger values, e.gR(3d)=6.95(3) for CoF,.° The spin
moment was determined from ti@00) reflection, since this reduction on Co therefore cannot be related to charge trans-

C. Comparison to spin magnetic moments of Mnk and FeF,

TABLE II. Spin quantum numbeB of the M?" ion, together with they, value determined by other
methods. This is compared to the mean value of the spin magnetic moment measured with high-energy x
rays. The critical temperaturg, and exponeng as determined with high-energy x-ray diffraction are also

listed.

S 9; ws (1) Tn (K) B
MnF, 2.5 2.00 5.046) (Ref. 1) 67.711) 0.3333) (Ref. 2
Fek 2 2.25(Ref. 32 3.934) (Ref. 3 75.81(11) 0.329198) (Ref. 3
CoF, 1.5 2.60(Ref. 30 2.21(2) 39.141) 0.3066)
NiF, 1 2.35(Ref. 33 1.962) 74.1(1) 0.3115)
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fer towards the ligands. It should be pointed out that considmeasurement described here relies (Onthe high crystal
erable reductions were observed in the case of the transitiomuality, (i) the rather large magnetic momentsi,) the fa-
metal monoxides with valence monopole populations ofvorable ratio of the number of unpaired electrons, to the total
6.424) and 4.7%2) on the metal ion in CoQRef. 28 and  number of electrons an@v) the simple domain state of the
MnO (Ref. 29. Instead of charge transfer, a mixture of high- compounds under investigation. In this respect, the transition
spin and low-spin configurations in thed Drbitals may oc- metal difluorides are extremely well suited.

cur in CoF, which could lead to a considerable reduction of

the magnetic moment. Molecular-field calculations by VIl. SUMMARY AND CONCLUSIONS

Lines™ give a effective spin 08=1.09, which is reduced to We have reported measurements of the absolute spin mag-

a value ofS=1.06 by spin waves. Our findings strongly netic moment and the temperature dependence of the non-
support this result. In this theory, only spin operators which esonant magnetic intensities in Go&nd Nif, and com-

describe the two lowest molecular field states have been irs :

cluded, but this seems already to describe our data very wel'f’.ared these to eagler.reiulas on M@dl FeE. v Th .
When the temperature dependence of the sublattice ma% MnF%, FeR, and NiF; be ave quite cass(;ca Y. E efspm

netization in Cok is compared to the temperature depen- agnetic moment at saturation corresponds to the free-ion

dences of e ot e compounds, i becomes clar 1L 8 SCLELen A 10 Te ot i ucone e
anisotropy, i.e., a nonquenched orbital contribution, is sig—f P P

nificant for Cok and leads to more rapid saturation. Unlike noe{vasn?cTﬁZPa-gteekrj Ot;etuz\slfgom'Sosrfgloz:s;?]t?ﬁetg?hgfm"
MnF,, in which the anisotropy field acting on the Rnion b :

) ) _hand, shows a significant reduction of the spin magnetic mo-
is much weaker than the exchange field, for &€ oppo ment in saturation: 25% compared to the value of the free

site is true. Therefore, a totally different magnetic behavior

g . -
and a reduction of the spin magnetic moment is quite posg02 lon. The overall temperature dependence differs sig

sible. The Cof g factor of g=2.60 calculated by Khan nificantly from a mean-field curve and indicates a strong

et al®° clearly shows a considerable contribution of an Or_crystal-fleld anisotropy. We attribute this behavior to a non-

bital moment to the total magnetization. It is larger than thequenched orbital contribution which also causesghvalues

values corresponding to the other three compounds which differ significantly from 2. In the critical region, on
shown in Tablg I 9 P ' %Re other hand, all four compounds show critical exponents

A neutron magnetic-moment determination performed byfv ecpiﬁéa;tigrs]ttggo?]nalﬁéng:ygﬁsiuonr:vgfr?ﬁgz ?La?jznz:nag?/s
Erickson resulted in g factor ofg=2 (3 uB) for CoR.>* If P b ty

we consider the real orbital contribution described by thetrIbUtlon compared to that of the free ion for the compounds

actualg factor of g=2.6 mentioned before, we arrive at a CoF; and Nik. This is a typical solld-stat_e effect_.
. o . . We conclude that nonresonant scattering of high-energy x
value for the pure spin of 1.15 which is virtually identical

with our value ofS,=1.1299). This result is supported by rays provides highly precise and detailed information on the

indirect measurements of the time-averaged <o by spin _density which can serve as test data for density-
NMR (Ref. 8 and far-infrared absorption spectroscépy. functional theories of these rather simple compounds.
These methods determine the spin, via the ground-state split-
ting; they produce the resul{s,)o=1.3 and 1.13.

The expansion and contraction of the magnetic form fac- This work has been supported by the Department of En-
tor along theQ axis found for Cok and NiF, have not yet ergy, Office of Basic Energy Sciences, Division of Materials
been confirmed by other methods. Sciences, under Contract No. W-31-109-ENG-38 and the

Finally, we want to comment on the applicability of this State of Illinois under HECA. Use of the Advanced Photon
method to other compounds. Its limits arise from the fact thaSource was supported by the U.S. Department of Energy,
the nonresonant magnetic x-ray scattering cross section ©Office of Science, Office of Basic Energy Sciences, under
rather small compared to charge scattering and backgroundontract No. W-31-109-Eng-38. The Midwest Universities
signal. The observation of nonresonant Bragg scattering is i€ollaborative Access TeaMUCAT) sector at the APS was
principle possible for a range of samples. However, in oursupported by the U.S. Department of Energy, Office of Sci-
view the most important information that can be obtained isence, Office of Basic Energy Sciences through the Ames
the determination of the pure spin form factor. Its precisionLaboratory under Contract No. W-7405-Eng-82.
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