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Neutron scattering study of the itinerant-electron magnet YMn2
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Neutron scattering with polarized beam analysis has been used to study the magnetic properties
of the antiferromagnet YMn2 (T& -100 K}. Previous susceptibility, NMR relaxation, and prelimi-
nary neutron measurements indicate a transition from a local-moment magnet in the ordered phase
to an itinerant-electron magnet above T&. %e present a detailed analysis of magnetic-scattering
data measured for temperatures ranging from T=10 K to T=600 K. The analysis includes energy
integration of the paramagnetic response, simple model calculations of the measured powder aver-

age, and absolute calibration of the cross sections. The amplitude of the local magnetic moment per
Mn atom is extracted and shown to drop by more than -30% at T& and to slowly increase again
with increasing temperature, and up to 6T strong antiferromagnetic correlations are found to per-
sist. This behavior is consistent with recent theories for itinerant-electron magnetism.

I. INTRODUCTION

It has been of major interest to achieve a uni5ed pic-
ture of magnetism for many years. ' The behavior of
purely localized magnetic systems, such as magnetic insu-
lators (e.g., MnF2), and the rare-earth metals is quite well
understood in terms of exchange interactions between the
localized electrons from each magnetic ion, while another
group of magnetic materials (e.g., MnSi) is well described
by the theory of weak itinerant-electron magnetism. '

Here the magnetic moment is entirely supplied by the
electrons in the conduction band not localized at specific
ions. Although the fully localized and the weak itinerant
models describe many magnetic materials, there is still a
large group of compounds which is located between the
two extremes (e.g., Fe, Ni, and Fe3Pt), and there are at
present no well established theories to describe this
group.

The cubic Laves phase intermetallic compound YMn2
was recently discovered to order antiferromagnetically
below T&=100 K. The amplitude of the magnetic mo-
ment per Mn atom was determined by this experiment to
be 2.7pz corresponding to the spin S=1.35. For com-
parison the spin of the free Mn + ion is S =—', as it is
measured in MnFz. In the paramagnetic phase above TN,
however, susceptibility and NMR relaxation measure-
ments are similar to those of weak itinerant electron mag-
nets, and this is incompatible with the relatively large lo-
calized moment observed in the ordered phase. Also a
significant change in lattice constant of —1.6% with a
large thermal hysteresis was observed at Tz. The sus-
ceptibility X(0) as a function of temperature measured by
Shiga et al. is shown in Fig. 1. Note that X(0) increases
with increasing temperature. Since most localized mag-
netic systems for T well above T, (or T~) may be con-
sidered as ideal paramagnets where the Curie-%'eiss law,
X(0) ~M i(T 0), is valid, an inc—reasing susceptibihty

for T g~ T, indicates that the moment M also increases
with temperature. This consideration, however, is only
valid for an ideal (uncorrelated) paramagnet. To investi-
gate magnetic correlations a neutron scattering experi-
ment is a powerful tool and the magnetic moment may be
determined directly by this method. Preliminary results
have shown that strong magnetic correlations still persist
in YMn2 at room temperature, T=3T&, and indicated a
significant decrease in the value of S above the Neel tem-
perature compared to the value in the ordered phase.
The observed anomalies and the preliminary neutron
scattering results therefore suggest the occurrence of a
transition from dominantly local moment magnetism in
the low-temperature phase to weak itinerant-electron
magnetism in the high-temperature phase, i.e., a change
of the electronic state may take place at Tz causing the
magnetic moment in YMn2 to collapse. YMn2 may
therefore provide a unique model system to study in the
aim of achieving a united picture of metal magnetism.
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FIG. 1. Temperature dependence of susceptibility of YMn2
for cooling and heating. After Shiga et al. (Ref. 4).
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Similar work in the study of paramagnetic neutron
scattering from itinerant electron magnets was done by
Brown et al. on o,-Mn. They find a temperature-
dependent amplitude of spin fluctuations increasing with
increasing temperature between T& and 3T&, but de-
creasing again between 3T„and 6T~. However, an ex-
plicit energy integration over the paramagnetic response
was not performed in this experiment apart from the in-
tegration automatically done by the instrumental resolu-
tion.

In the present paper we report a detailed neutron
scattering study of a powder sample of YMnz using po-
larized beam analysis of the magnetic response in the or-
dered phase (T = 10 K), above the transition at
T= 1.5 T&, T =3T&, and at very high temperature,
T=6T~. At each temperature, energy scans are per-
formed in order to estimate the integrated intensity at
different Q values, and the procedure used in the
powder-data analysis is tested against a well character-
ized powder sample of MnF2, where the spin is constant
S= —,

' independent of temperature.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

YMn2 crystallizes in the cubic CuzMg structure [space
group (I'd3rn)] with the lattice constant a=7.68 A
at room temperature. There are 8 formula units per unit
cell, with 8 Y atoms in positions 8(a): fcc+ —,

'
—,
'

—,''„—', —,'—', ;

and 16 Mn atoms in positions 16(d): fcc+ —,
'

—,
'

—,'; —,
'

—,'0;
0—,

'
—,', —,'0—,'; the powder sample was prepared by melting Y

and Mn metals in an argon arc furnace. The purity of the
component metals is 99.9% and the 0.1% impurities are
mainly Au, La, and Ta. The ratio of Y and Mn atoms
was Y/Mn=1. 05/2. 00; the excess amount of Y was
added to avoid formation of Mn rich ferromagnetic com-
pounds such as Y6Mn23. The ingot was annealed at
800'C for one week and then crushed into powder. Ap-
proximately 23 g of the sample kept in He atmosphere to
avoid oxidation was loaded into a 2.5 cm high and 1.9 cm
diameter cylindrical aluminum container and sealed with
indium for the low-temperature measurements. For the
high-temperature experiment 28 g of YMn2 powder was

loaded into a 3.7 cm high and 1,9 cm diameter cylindrical
aluminum holder which was electron beam sealed in vac-
uum. Temperatures up to 594 K were reached using a
pumped aluminum shielded air cooled furnace.

%e checked the magnetic structure and moment in the
ordered phase at T=10 K. In Fig. 2 the powder spec-
trum is shown together with the peak intensity of the
strongest magnetic reflection as a function of temperature
showing that the transition is of first order. Our mea-
surement confirms the arrangement of up and down spins
(see Fig. 3) found by Nakamura et al. The spin direc-
tion is found to be /=55' from the magnetic tetragonal
axis and the spin is S=1.41+0.05 in good agreement
with Nakamura's result which corresponds to S=1.35.
Note that the form of the magnetization curve in the in-

set of Fig. 2 indicates that S does not change with tern-

perature in the ordered phase.

B. Polarized-beam measurements
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FIG. 2. Neutron diffraction spectrum from YMn& powder
sample in the ordered phase taken with Aipper on and a hor-
izontal magnetic Aeld at the sample position. The inset shows
the peak intensity of the (210) magnetic Bragg peak as a func-
tion of temperature.

A very direct method of eliminating the nuclear back-
ground and isolating the magnetic scattering from a sam-

ple is to perform a polarized neutron scattering experi-
ment, although, the method has the disadvantage of very
low signal rates, which requires some compromises in

resolution and counting times.
The measurements were made on a modified triple-axis

spectrometer using vertically magnetized Heusler (111)
transmission crystals at the monochromator and analyzer
positions. Magnetic guide fields were used along the
beam path to maintain the polarization of the neutrons,
and a flipping coil was placed between the sample and
analyzer. A weak magnetic field was applied at the sam-
ple position to orient the neutron polarization either
along the scattering vector, Q (horizontal field, HF) or
perpendicular to Q (vertical field, VF). inelastic spectra
were measured at constant Q with a fixed final energy of
either 41 or 60 meV and collimations of 40'-80'-80'-130',
providing energy resolutions at ~=0 of about 10 and 17
meV full width at half maximum (FWHM) respectively.
The overall flipping ratio R of the instrument was 8 = 15
or better for both HF and VF, and the relative difFerence
in 8 measured for HF and VF was less than 5 Jo. The
flipping ratio, which is the ratio of spin-Hip to non-spin-
fiip events, was optimized using the (002) reAection of a
pyrolytic graphite (PG) crystal at the sample position and
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MAGNFTIC STRUCTURE OF YMn2
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TABLE I. Magnetic o~ and nuclear o.~ neutron cross sec-
tions for the polarization analysis setup. Ef is fixed and the

Aipper is placed after the sample. ows& is nuclear spin in-

coherent cross section and bg is background.

Horizontal
field

Vertical
field

M + 3 +NS1+~g

2 &~ + 3 &Ns~+ bg

% + 3
A NSI+ bg

Ow+ 20m+ 3ONsr+&g

I ~ ~ ~ 0
o

from background and nuclear-spin incoherent scattering
cancel.

III. RESULTS AND ANALYSIS
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FIG. 3. (a): The assumed magnetic structure of YMn2. Only
the Mn atoms are shown. Open and closed circles represent
spin up and spin down, respectively. The spin direction is 55'
off the c axis which is vertical in the figure. (b): Corresponding
magnetic structure factor regardless of spin direction. The
reAections in the I =2n planes (small dots) have half the intensi-

ty compared to the reflections in the 1=2n+1 planes (large
dots). The definitions of intensity zones (Ref. 11) (IZ) and Bril-
louin zone (BZ) are indicated.

with a PG filter to avoid higher-order contamination of
the beam in the optimization procedure. However, in or-
der to achieve a reasonable neutron count rate from the
YMn2 sample no filters were used in this case to attenuate
higher-order contaminations. But since the guide field
and Ripper currents were tuned to optimize the Gipping
ratio only for the first-order initial energy, the higher-
order contributions will appear mainly as depolarized
background. This is consistent with the fact that no
higher-order peaks were observed in the powder spectra.

In Table I we review the cross sections in the four pos-
sible combinations of tlipper on/off and HF/VF. As may
be seen, the difference HF-VF and fIipper on yields —,

' of
the magnetic cross section measured in the unpolarized
neutron scattering experiment, and the contributions

Figure 4 shows inelastic polarized beam measurements
of YMn2 powder for constant wave vector Q = 1.8 A
and Q=2. 1 A ' at three different temperatures, 150,
293, and 594 K. The data were taken with flipper on and
(HF-VF) as explained in Sec. II. Correction for misalign-
ment of the horizontal field direction with the scattering
vector for E&0 has been applied. It can be seen that the
energy width I apparently is temperature dependent at
Q=1.8 A ', but not for Q=2. 1 A '. This behavior
may be caused by the powder averaging as will be ex-
plained later.

In Fig. 5 the wave vector dependence for zero energy
transfer is shown for the same temperatures, and also the
cross sections calculated from susceptibility measure-
ments are plotted at Q =0. The broad peak observed
centered around Q=1.8 A ', which is the position of
the strongest magnetic Bragg peak in the antiferromag-
netically ordered phase, indicates that the persisting
correlations above Tz are of antiferromagnetic nature.
Note that the correlations are still significant at T =594
K.=6T~. For comparison the cross sections of an ideal

paramagnet with spin S = 1 is also shown in Fig. 5. This
cross section is simply proportional to the magnetic
formfactor squared f (Q) and here again the Mn2+

formfactor is assumed.
Cross sections in absolute scale may be obtained by in-

tegrating the measured intensities over energy and nor-
malizing to a nuclear Bragg peak. The energy integration
is explained below and the entire procedure has been de-
scribed in detail by Goldman et al. ' So far, there is no
first-principles theory of the paramagnetic scattering
from 3d transition compounds to be compared with the
experimenta results. However, it has been demonstrated
that for a single crystal the cross section may be ex-
pressed

d
d6) dQ

=y+~2(Q)e S(q, co) .

Q=4~/&sing is the scattering vector measured with

respect to the direct beam and q the wave vector re1ative

to the peak position, e the Debye-WaHer factor.
Close to a di8'use peak
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to a first approximation with

I is the energy linewidth and ~& the inverse correlation
length. The spin S may then be calculated from M (q) by
averaging over the intensity zone (IZ) (Ref. 11)

M (q)=M (0)-2 zK')+g 0.5
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FIG. 4. Paramagnetic scattering spectra obtained using the
parallel-perpendicular method (HF-VF). The curves are fits of
Lorentzian lineshapes to the data I'including the detailed bal-
ance correction).

FIG. 5. Energy integrated cross sections as a function of
momentum transfer. The absolute scale is obtained by normal-
izing to a nuclear Bragg peak and the points shown for Q =0
are calculated from susceptibility data. Model calculations of
the powder average which best fitted the data are shown as solid
curves. The values for the magnetic moment obtained this way
are shown in Fig. 6. The dashed curve corresponds to the cross
section calculated for an idea/ paramagnet with spin 5 = 1 for
comparison.
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4S(S+1)= f M2(q)d3q .
Viz iZ

(4)
tions from several IZs. Therefore, M (q} In Eq. (2)
should be replaced by a powder average M,„(Q)

To extract M (q) from the measured intensities in Figs. 4
and 5 we first note that from Eq. (2)

—fi~o/k T
M (q)=6 J S(q,co)d~ (5)

i.e., after removing the thermal factor the measured
S(q, co) is integrated over ~. As may be seen from Fig. 4,
the constant Q scans do not cover more than the range
from —20 to 20 meV due to instrumental limitations. In
order to estimate the fully energy integrated intensity a
Lorentzian is fitted to the data in Fig. 4 after removal of
the thermal factor, and the missing intensity from the
tails is added to the sum of the measured points. Assum-
ing, a Lorentzian lineshape over the entire energy range is
considered an upper limit for the absolute cross section,
and hence, also for the moment. The energy window ac-
tually accessed by the present experiment corresponds to
-21" which for a Lorentzian covers approximately half
of the fully integrated response. Integrating only over
this window would heavily underestimate the derived
moment, so as a compromise the lower limit of the in-
tegrated intensity is assumed to be —,

' of the full Lorentzi-
an integration.

For a Heisenberg antiferromagnet I is expected to de-
pend on q as I -q' for small q, ' but not to be strongly
dependent of temperature, ' i.e., the line width is narrow
close to the IZ center. Now, the present data are from a
powder sample, and hence, the observed cross section
represents contributions from difFerent difFuse peaks (i.e.,
several IZ's). Therefore, the observed energy width
represents some average. For T =1SO K where ~, is still

0
relatively small (-0.1 A '}, this average is not indepen-
dent of Q, since contributions very close to a zone center
where I is small are weighed much stronger than contri-
butions from more distant peaks. This is the reason why
I is observed to vary significantly with Q for T =150 K„
but not for the higher temperatures. Ideally, constant Q
scans should have been taken for all Q values considered,
but this was not possible due to instrumental limitations.
In the analysis of the T=293 and 594 K data, the aver-
age I obtained for Q=1.8 A ' and Q=2. 1 A ' from
each temperature was used for the energy integration of
all data points. In the case of T =150 K only the value of
I for Q=2. 1 A ' was used since it represents a better
average than the value observed for Q = 1.8 A

As mentioned, the present data are from a powder
sample, and so, the measured M (Q} contains contribu-

M+&(Q)= g f M (qikI )dS
4irQ Ikl

S& is the part of a spherical shell with radius Q in Q
space which intersects a given IZ(hkl). Note the
difference between q which is the scattering vector rela-
tive to the magnetic Bragg peak (hkl) below TN, and Q
which is the scattering vector with respect to the forward
direction. Details of a computer program calculating this
powder average will be given in the Appendix.

As may be seen from Eqs. (2)-(6) the powder average
can be calculated using only two parameters M (0) and
~, , and in Table II the values from least-squares fits to the
data of Fig. 5 are shown. Also the values of the spin S
calculated from Eq. (4) using the fitted values of M (0)
and K& are shown in the table. The integration over the
IZ was performed as a simple average over a sphere with
the same volume as the actual IZ. The shape of the fitted
curves is in reasonable agreement with the data, best for
the higher temperatures. The inconsistency at 150 K
reAects the limitations of the very simple model assumed
[Eq. (3)]. More sophisticated models taking into account
possible deviations from the Lorentzian in Eq. (3) near
the zone boundary or nonhomogeneous distribution of
moments on the Mn atoms in the unit cell would provide
better agreement with the observed data. However, the
introduction of additional unknown parameters is not
justified by the statistical accuracy of the powder data. A
single crystal is required to obtain detailed information
concerning these features.

A crude estimate of the magnetic moment in a
paramagnetic scatterer may be calculated by simply in-
tegrating the measured cross sections over Q (taking into
account the volume factor 4n.Q ) and comparing it to the
integrated cross section for the ideal paramagnet. The
crude estimates of S obtained by this method are also
given in Table II and are seen within error to be in agree-
ment with the values derived by the model calculations.
In Fig. 6 the deduced spin S is plotted as a function of
temperature; the moment is seen to "collapse" around T~
and increase again with increasing temperature above
Tz. The squares shown above Tz correspond to the
upper limit established by the full energy integration as-
suming Lorentzian line shape from —oo to + oo.

IV. OISCUSSION

Let us first summarize our experimental observations
for YMnz. In the antiferromagnetically ordered phase

TABLE II. Energy linewidth I, inverse correlation length ~I, and M (q =0) obtained from YMn2
powder data. S (powder average) is calculated from ~„and M'(0) by averaging over the intensity zone.
S {crude} is estimated from integrating the data in Fig. 5 directly.

150
293
594

1"( Q = 1.8 }
(meV)

12+ 1

22+3
24+2

I"(Q =2.1}
{meV)

24+3
27+6
28+5

0.10
0.13
0.17

M (q=0)
(p~ )

157+8
123+6
89+4

S
(powder average)

0.85+0.03
0.94+0.03
1.04+0.03

S
(crude)

0.9+0.2
1.0+0.2
1.2+0.2
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FIG. 6. Local amplitude S of spin Auctuations per Mn atom
as a function of temperature. The line is a guide to the eye.

the moment per Mn atom is determined to 5 =1.4. This
relatively large value is interpreted as indicating a
predominantly local moment system, although the spin of
the free Mn + ion is S= —,'. At present, there is no direct
method to verify this interpretation. As the temperature
is increased to T=100 K a change in the electronic state
causes a collapse of the moment to S=0.8 and the sys™
tern becomes paramagnetic.

In the paramagnetic phase we observe strong antiferro-
magnetic correlations at least up to 6T&. The inverse
correlation length ~& deduced from powder average fits,
increases only by a factor of approximately 2 between 1.5
and 6T&. However, the absolute value of ~& is not very
mell determined due to the limitations provided by a
powder sample. A single crystal of YMn2 is needed in or-
der to investigate the temperature dependence of v~ in de-
tail, but so far, no attempts to grow a crystal have suc-
ceeded.

In the paramagnetic region the local amplitude of the
spin fluctuations S is observed to increase slightly with
increasing temperature. Both the persisting correlations
and this increase in S are in qualitative agreement with
Moriya's theory of weak itinerant magnetism, although
this theory has mainly been applied to systems with even
smaller moment than S=0.8, e.g. , Ni3Al where

5 =0.038 but also MnSi where 5 =0.5 has been found
to comply with the theory. '

In conclusion we note that to fully understand the be-
havior of metallic magnetic systems a unified theory com-
bining local moment and weak itinerant magnetism is re-
quired„and we hope that the present results may stimu-
late the development of such a theory.
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APPENDIX

In this appendix we show the details of the powder
average used in the analysis of data taken in the paramag-
netic regime above T&. The assumptions used may be
summarized as follows:

(1) The sample is considered to be an ideal powder, i.e.,
all crystallites have completely random orientations.

(2) The reciprocal space of a crystaBite is divided into
intensity zones (IZ's) (Ref. 11) centered around each orig-
inal magnetic Bragg peak. The extent of an IZ is de6ned
so that a general point in Q space belongs to the IZ cen-
tered around the nearest Bragg position. See Fig. 3(b) for
the definition of IZ*s in YMn2.

(3) At the position of each original magnetic Bragg
peak a diffuse Lorentzian peak of the form Eq. (3) is as-
sumed extending to the IZ boundary. The relative ampli-
tudes of the peaks are scaled according to the magnetic
structure factors.

The powder average for a specific Q is now calculated
by considering a spherical shell of radius Q in the recipro-
cal space of a crystallite. The surface of this shell is sub-
divided into a large number (800) of small pixels, and for
each pixel the appropriate IZ is determined. The dis-
tance qj, k& to the IZ center is calculated and the scattering
from the pixel is found as given by Eq. (3). Contributions
from all pixels are then summed and divided by 4nQto.
obtain the powder average M,„(Q) in Eq. (6).
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