IOP SClence jopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Spin-density waves in Cr under a magnetic field

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1996 J. Phys.: Condens. Matter 8 2655
(http://iopscience.iop.org/0953-8984/8/15/014)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.208
The article was downloaded on 13/05/2010 at 16:31

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/8/15
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matt8r(1996) 2655-2662. Printed in the UK

Spin-density waves in Cr under a magnetic field

Y Tsunodd and R M Nicklowt

T School of Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku, Tokyo, 169,
Japan
1 Solid State Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

Abstract. The twisting of the spin-density wave (SDW) in Cr in the transverse SDW phase
has been examined by neutron scattering experiments in a magnetic field. Twisting beyond
experimental errors was observed, but the twisting angle is very small compared to the rotation
angle of the SDW in the magnetic field. This result is consistent with the fact that the transverse
spin fluctuation in the Cr SDW is strongly suppressed at low excitation energies. The anisotropy
energy of the SDW in Cr is also discussed.

1. Introduction

In the transverse spin-density-wave (T-SDW) phase in Cr (12& K < 3115 K), the
amplitude of the magnetic moment is sinusoidally modulated along the SDW wave vector
Q@ which is parallel to a cubic axis and the direction of spin polarization is parallel to
another cubic axis. Wernet al, however, found that the polarization direction of the SDW
rotates from the cubic axis when a magnetic field is applied parallel to the spin-polarization
direction [1, 2] because the susceptibility differentg = x, — x; is positive. To explain

the experimental data, they proposed two models of the SDW under a magnetic field. One
is based on the thermal activation of the spin orientation in small domains. Another model
assumes the existence of the pinning sites to fix the orientation of the spin at particular
points in the crystal.

Our interest in the transverse SDW in Cr is in the formation of a twisted SDW under
the influence of a magnetic field. The SDW in Cr has rather large magnetic moments in the
loop of the SDW and far smaller moments around the node. An anisotropy energy and a
magnetic field would act differently in the loop and at the node of the SDW, and the angle
of rotation due to the applied magnetic field would depend on the position of the SDW. On
the other hand, recent neutron inelastic scattering measurements revealed various interesting
features of the magnetic excitations in Cr [3-8]. One peculiar feature is that the longitudinal
spin fluctuation (fluctuations of the SDW amplitude) is predominant in the low-frequency
excitation—i.e., the transverse spin fluctuation, which is the only magnetic excitation in a
localized spin system, is difficult to excite [9, 10]. Since the twisting of the SDW can be
considered to be a static transverse spin modulation of the SDW, it is interesting to study
how easy (or hard) it is to form the twisted SDW.

2. Observation of twisting in a SDW via neutron scattering

In this section, we explain how to examine the twisting of the SDW via a neutron scattering
method. Let us take they-plane as the scattering plane and the magnetic field as being
applied along the -axis. We consider here the specimen with a sin@leaagnetic domain
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and with @Q parallel to thex-direction. (Our experiment was carried out using a sir@te-
domain sample.) There still exist tw8-domains in the T-SDW phase, domains in which
the spin-polarization direction is parallel to theaxis (theS,-domain) and the-axis (S.-
domain), respectively. The spins with the polarization direction parallel tqa-#pds rotate
when the magnetic field is applied along theaxis. In neutron scattering experiments,
only the spin component perpendicular to the scattering vector contributes to the magnetic
scattering intensity. Near the 010 reciprocal-lattice point, since the scattering vector is
parallel to they-axis, we can observe only thecomponent of the spins in th€,-domain.

(The spins of theS,-domain are parallel to the scattering vector; thus one observes no
magnetic scattering from th8,-domain around 010.) If we write the averaged rotation
angle astp, the magnetic satellite intensit(6p) at £5 10 is proportional tolocos 6o,
where I is the intensity without any magnetic field. Thus, as the rotation angle increases,
the satellite peak intensities ats 10 decrease. Note that the satellite peak intensities at
14+ 8600 are independent of the rotation angle because the spin-polarization vectors in
both S-domains are always perpendicular to the scattering vector, which is parallel to the
x-direction around the 100 reciprocal-lattice point.

H=0

Hx0
B1ir)=8o+ A B(r)

Hx0
W 8(r)= Bo- 4 8(r)

Figure 1. Rotation angles of the SDW moments and the spin component perpendicular to the
scattering vector. The third-harmonic component mainly results from the shape change of the
SDW due to the twisting.

Now let us consider the twisting of the SDW. If twisting happens, the rotation angle
depends on the atomic positienand is written a9 (r) = 6y = Af(r). Since we are
considering the difference between the rotation angle in the loop and at the node of the
SDW, the main term ofA6(r) has a period that is twice that of the primary SDW and
is written asAf(r) = o cosd - r, whereo is the amplitude of the twisting angle and
8 = m/a — Q wherea is the lattice parameter. The positive (negative) sign indicates that
the rotation angle is the maximum (minimum) in the loop of the SDW. Ftoemponent
of the spins can then be described as

S.(r) = Spcog6y £ AB(r)) cosQ - r
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where Sy is the amplitude of the SDW. After a simple calculation and neglecting the
higher-order terms, we obtain the following expression:

S, (r) = Sp(Jo(o) c0sy F J1(0) Sinbdp) cosq - r F SpJ1(0) Sinfpcos D - r

where J, indicates thexth-order Bessel function. (See the appendix for the derivation of
this equation.) Thus, the twisting of the SDW is mainly observed as a third-harmonic
component of the SDW. This situation is schematically illustrated in figure 1.

However, pure Cr already has a third-harmonic component of the SDW (ampliis)de
without there being any magnetic field applied and the magnetic moment is written as [6]

S(r) =5pcosQ - r — Azcos3) - r

where the minus sign in the second term comes from the observed phase relation between the
primary wave and the third-harmonic component of the Cr SDW. Therefore the twisting of
the SDW is examined through the change of the third-harmonic satellite intensities relative
to the primary satellite intensities as

I A + iN6g)? A2 2
(39) _ ( 300550 SoJ1(0) Sinfp) - 3 (1:|: SoJ1(0) tan90> ‘ )
1(5) S2Jo(0)2 coZ b S2Jo(0)2

The second term includes a strong enhancement fagioks and the value of the third-
harmonic component relative to the primary wave is very sensitive to the twisting angle

Note that there is another contribution to the third-order satellite intensity arising from
the cross term of the primary SDW and the strain wave (the second-harmonic CDW in Cr).
This term is observed at the4135, 0, 0 satellite positions, but the contribution from the
cross term is zero at th#3s, 1, O satellite positions, where we study the twisting of the
SDW; the scattering cross section for the strain wave is proportional to the Fra\)?,
where K is a scattering vector and, indicates the amplitude of the strain wave. Since
the strain wave is a longitudinal wava, is parallel to theQ-vector of the SDW. Thus the
term (K - A,)? is zero around 0, 1,0 in the present experimental conditions.

3

3. Measurements

Actual measurements of the twisting of the SDW were carried out using a sample of very
high quality grown from the vapour in the reduction of chromium iodide. The sample was
field cooled througtTy under a magnetic fieldfal T applied along the [100] axis of the

Cr single crystal to grow the singl@-domain sample. Under these conditions, @exis

of the SDW of the dominant domain is parallel to the [100] axis. The volume fraction
of this domain was about 99% of the total volume as determined from the satellite peak
intensity distribution. Then the sample was set so that the [00 1] axis was perpendicular to
the scattering plane and the magnetic field was applied to the direction parallel to the [0 0 1]
axis to study the twisting of the SDW.

Integrated intensities of the primary satellite and the third-harmonic component are
plotted in figure 2 as functions of the square of the magnetic field. Integrated intensities
were determined via the best-fitting curve of the satellite peaks. In this fitting, a Gaussian
curve was used with a fixed peak position and a fixed line width. The intensity of the primary
SDW component decreases linearly with the square of the magnetic field%ag 1 T
This is consistent with previous work [1, 2]. The third-harmonic component decreases faster
than the primary SDW component beyond the statistical errors, indicating that the minus
sign in equation (1) is correct, i.e., the rotation angle around the node is larger than that in
the loop of the SDW. To estimate the twisting angleuantitatively, we used the reported
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Figure 2. The field dependence of integrated intensiti€3. the primary satellite studied at
(—5810); @: the third harmonics at«35 10); [I: the primary satellite at (+ §00); B: the
third harmonics at (+ 3500).

value As/So = 1.65 x 1072 [11, 12] anddy = 33 which is estimated from the observed
decreasing of the primary SDW intensityt= 0.71 T. Then we obtaia = 0.3° (+0.1°) at

H = 0.71 T. The same calculation f&f = 1.41 T givesfy = 60.3° ando = 0.2° (£0.1°).

These values appear to be very small compared to the rather remarkable effect. This is due
to the factorSy/ A3z ~ 61. For example, a twisting angle of abouti8 enough to cancel the
third-harmonic component of Cr completely Ht= 0.71 T. Thus the twisting of the SDW

is very difficult to produce, as is expected from the magnetic excitation measurements as
mentioned above.

On the basis of the present experimental data, we can discuss some properties of an
anisotropy energy in the Cr SDW. The primary satellite peak intensity decreases to less
than half of the original value, indicating that the rotation angle of the magnetic moment
is larger thanz /4. In the cubic system, each cubic axis should be an easy axis, if one of
the cubic axes is the easy axis and the anisotropy energy has a fourfold symmetry. The
present results, however, show that this is not the case. The anisotropy energy has a twofold
symmetry around th&)-vector. The total energy of the SDW under the magnetic field is
thus described as

E(H) = K> Sirf 6y + Kasint 6 + (1/2) Ax H? co 6.

The first and second terms are the anisotropy energy and the third indicates the magnetic
field energy [13]. As an expression for the anisotropy energy, the first term is not sufficient
to explain the rotation of the SDW under the magnetic field because it can be included
in the third term (except for a constant energy) if we rewrite the first term using the
relation sif6y = 1 — cos 6. The rotation angle would be determined from the condition
dE/d6y = 0. However, atH = 0, 6y should be zero. Thusk, must be zero and we obtain
the solution

Si g = Ay H?/4K,.
The observed satellite intensity(s) is proportional to cdy = 1 — sirfy = 1 — a H?
from the above equationy(= A x/4K.). The H?-dependence of the decreasing intensity
is consistent with the observation B? < 1 T2 as shown in figure 2.

The dominant contribution to the anisotropy energy is considered to be the fourth-order
term. The lattice deformation is a good candidate for explaining the fourth-order form of
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the anisotropy energy. Since a lattice strain usually couples with the square of the magnetic
moment, the elastic energy is proportional to the fourth order of the magnetic moment.
Furthermore, the local lattice structure of Cr is known to have an orthorhombic symmetry
below the Neel temperature [14]. This is also consistent with the twofold symmetry of the
anisotropy energy around th@-vector.

Here we treated the anisotropy energy in the same way as for a localized spin system.
This may not be suitable in the case of Cr. In the case of an itinerant spin system, we may
have to consider the movement of each d electron under the magnetic field. That is beyond
the scope of the present paper.

4. The longitudinal magnon in a magnetic field

The magnetic excitation of Cr in the transverse SDW phase was also studied in a magnetic
field and the data were compared with those obtained without the magnetic field. Under a
high-strength magnetic field, polarization of the magnetic moments is nearly parallel to the
scattering vector around the 01 0 reciprocal point. The magnetic excitation observable under
these conditions is fully ascribable to the transverse spin fluctuation. However, without the
magnetic field, the longitudinal spin fluctuation contributes to a part of the inelastic scattering
intensity. (If we assume the equal distribution of tdedomains, a quarter of the intensity

is ascribable to the longitudinal spin fluctuation.) Thus, we can estimate the contribution of
the longitudinal spin-fluctuation component by comparing the inelastic scattering intensities
with and without the magnetic field. In figure 3, experimental data obtained with corfstant-
scans around th&s 1 0 satellite positions are given for different energy transfers. For the
energy transfer of 2 meV, the inelastic scattering intensity without the magnetic field is
appreciably stronger than that under the applied field. For 8 meV energy transfer, however,
there is no change of the scattering intensity, indicating that although the magnetic excitation
at high energy transfer (8 meV) is isotropic, the longitudinal spin fluctuation is predominant
for the low-energy excitation. To be sure about this point, we have made the same type
of measurement around the41é 0 O satellite points, where the contributions from the
transverse and longitudinal spin fluctuations are not affected by the magnetic field. The
observed data are given in figure 4. These features are qualitatively consistent with the
work of previous authors [9, 10]. Griest al studied the inelastic scattering intensities
arounds 1 O under the magnetic field df = 6 T [10] and reported that there was no
change of the magnon intensity for A = 4 meV. This energy transfer would be already

too high for observing the anisotropy of the magnetic excitations, as was expected from the
data of Burkeet al [9].

5. Conclusions

The twisting of the SDW in the transverse SDW phase in Cr was studied in an applied
magnetic field. When the spin-polarization axis rotates to the direction perpendicular to the
field direction, the anisotropy energy and the magnetic energy work differently in the loop
and at the node of the SDW and twisting of the SDW is expected in the magnetic field.
Experimental data show that the twisting actually exists beyond experimental errors, and
the rotation angle around the node is larger than that around the loop, but the twisting angle
is very small ¢0.3) compared to the averaged rotation andglg + 33°) in a magnetic
field of 0.71 T.
Recent measurements of magnetic excitation in Cr show that the longitudinal spin
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Figure 3. ConstantZ measurements of the magnetic excitations obtained atithé Q) satellite
peak positions for the energy transt® = (a) 2 meV and (b) 8 meV.

fluctuation is predominant and the tranverse spin fluctuation is suppressed at low frequency.
We also studied the magnetic excitation of Cr in the T-SDW phase in the magnetic field and
confirmed this. Since the twisting of the SDW can be considered to be a static transverse
spin fluctuation, the result of the twisting measurement is consistent with the fact that
the transverse spin fluctuation is suppressed in the low-frequency magnetic excitation in
Cr [9, 10].

The origin of the anisotropy energy of the SDW is also discussed. The lattice
deformation associated with the formation of the SDW is a good candidate for explaining
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Figure 4. ConstantE measurements of the magnetic excitations obtained at the §@ 0)
satellite peak positions for the energy transfef = 2 meV.

the experimental data.

Acknowledgments

The present research was carried out at the Oak Ridge National Laboratory under the US—
Japan Cooperation Programme in Neutron Scattering, and was sponsored in part by the
US Department of Energy under Contract No DEAC 05-840R21400 with Martin Marietta
Energy Systems Inc.

Appendix

The z-component of the spins for thg,-domain is written as
S, (r) = Spcoqby F AbB(r)) cos@Q - r = Sy cosqQ - r{Cc0osHy COSAH(r) F Sinbp SiNAH (1)}
where
AO(r) =o0cosd -r.
The terms codd(r) and sinA#(r) are rewritten using the equalities:
COSz COS¢) = Jo(2) +2 ) _(=1)"Jau(2) cOS218)

sin(z cos¢) = 22(—1)”1%1@) cos(2n + 1)¢).
Since the amplitude is considered to be small compared to the rotation afgleve can
neglect the higher-order term¥% (n > 2). Then we obtain
S.(r) = SpcosQ - r{Jo(c) costy F 2J1(c) SINGyCcOS D - 7}
= Sy(Jo(o) c0SHy F J1(0) Sindp) cosQ - r F SoJ1(c) Sinfgcos ) - r
where we have used the following equalities:
cosd.-r=cosd)-r 2cosQ) -rcosdA)-r=cosQ -r+cosI) - r.
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