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bstract

The spin reorientation transition of intermetallic compound HoMn6Sn6 has been investigated by applying the molecular field theory. The
emperature dependence of easy magnetization direction of compound and the magnetic moment directions of Ho and Mn ions are theoreti-
ally calculated and have good agreement with the experimental data. In the framework of single ion model, the temperature dependence of
agnetocrystalline anisotropic constants K1R and K2R of Ho ion has also been calculated. Our studies show that the fourth-order crystal field
arameter B0
4 and the corresponding second-order magnetocrystalline anisotropic constant K2R of Ho ion have to be taken into account in order to

xplain the spin reorientation transition satisfactorily. The competition between K2R and K1R plays a key role in the spin reorientation transition of
oMn6Sn6.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, the rare earth-transition metal compounds RM6X6
R = rare-earth elements, M = transition metal and X = Sn and
e) have attracted much attention due to their abundant mag-
etic properties [1–10]. RMn6Sn6 with heavy rare earth ele-
ent crystallize into HfFe6Ge6-type structure (space group is
6/mmm), which is composed of hexagonal R layers com-
rising Sn atoms and Mn Kagomé nets, stacked in the
equence–Mn–R–Mn–Mn–R–Mn–along the c-axis [1]. From
he magnetic point of view, RMn6Sn6 have two different mag-
etic subsystems: R- and Mn-subsystems. Neutron diffraction
tudies and magnetic measurements [1–3] indicate that Mn- and
-subsystems simultaneous transfer from paramagnetic state

nto ferromagnetic state for compounds with Tb, Dy and Ho
elow Curie temperature TC (where TC = 423, 393 and 376 K for

b, Dy and Ho, respectively) due to the strong R–Mn exchange

nteraction. Mn-subsystem and R-subsystem are antiferromag-
etically coupled with each other. When temperature drops to
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i
p
t
c
m
t
b

925-8388/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2006.04.008
SR, spin reorientation transition occurs in the compounds and
he easy magnetization direction transfers from c-plane to c-
xis. The spin reorientation temperatures TSR are 330, 320
nd 200 K for Tb, Dy and Ho compounds, respectively. For
bMn6Sn6, when temperature is below 250 K, the easy mag-
etization direction completely transfers to c-axis. While for
yMn6Sn6 and HoMn6Sn6, the directions do not completely

ransfer to c-axis. The angles of easy direction with c-axis are
5◦ for Dy at 220 K and 48◦ for Ho at 100 K and keep constants
ntil 2 K. Many researches [2,4,5] show that the mechanism of
pin reorientation transition is different for three compounds.
he spin reorientation transition in TbMn6Sn6 comes of the
ompetition of magnetocrystalline anisotropy energies of the
b- and Mn-subsystems. While for DyMn6Sn6 and HoMn6Sn6,

he competition between the first- and the second-order mag-
etocrystalline anisotropy constants K1 and K2 plays a very
mportant role (which means the fourth-order crystalline field
arameter of rare earth ions cannot be ignored). In this paper
he mechanism of spin reorientation transition of HoMn6Sn6

ompound is quantitatively investigated in the frame work of
olecular field theory. The temperature dependences of magne-

ocrystalline anisotropy constants of Ho ion are also calculated
ased on the single ion model.

mailto:guogh@mail.csu.edu.cn
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. Theoretical model

HoMn6Sn6 is composed of two magnetic subsystems: Ho-
nd Mn-subsystems. According to the molecular field theory,
he Hamiltonians of Ho and Mn ions have the following form:

ˆ Ho = gJμB �J · ( �Hex,Ho + �H) + B0
2O

0
2 + B0

4O
0
4 (1)

ˆ Mn = gSμB�S · ( �Hex,Mn + �H) + K1t sin2 θt (2)

ere gJ and gS represent the g-factors of Ho and Mn ions. �J
nd �S are the total angular momentum operator of Ho ion and
pin momentum operator of Mn ion, respectively. μB is Bohr
omentum. B0

2 and B0
4 describe the crystalline field parameters

f Ho3+ and O0
2 and O0

4 are Stevens operators. K1t is magne-
ocrystalline anisotropy constant of Mn ion and θt is the angle
f Mn ion magnetic moment with respect to c-axis. H is external
agnetic field. The molecular fields acting on the Ho and Mn

ons are �Hex,Ho and �Hex,Mn, which can been written as follows:

� ex,Ho = λHo−Ho
〈

�μHo
〉 + 6λHo−Mn

〈
�μMn

〉
(3)

� ex,Mn = λMn−Mn
〈

�μMn
〉 + λHo−Mn

〈
�μHo

〉
(4)

ere λHo–Ho, λHo–Mn and λMn–Mn represent the molecular field
onstants of Ho–Ho, Ho–Mn and Mn–Mn exchange interaction,
espectively.

〈
�μHo

〉
and

〈
�μMn

〉
are the thermal average of mag-

etization of Ho- and Mn-subsystems, respectively.
The free energy of system can be given as follows:

= −kBT ln ZHo − 6kBT ln ZMn + 1

2

〈
�μHo

〉 · �Hex,Ho

+ 3
〈

�μMn
〉 · �Hex,Mn (5)

ere kB is Boltzmann constant. ZHo and ZMn are partition func-

ions of Ho and Mn ions, respectively:

Ho = Tr

[
exp

(−ĤHo

kBT

)]
, ZMn = Tr

[
exp

(−ĤMn

kBT

)]
,

(6)

c
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ig. 1. The temperature dependence of easy magnetization direction of HoMn6Sn6

b). Solid lines are the theoretically calculated curves, dots denote the experimental d
and Compounds 429 (2007) 46–49 47

rom the stable equilibrium condition the magnitudes of
〈

�μMn
〉

nd
〈

�μHo
〉
, as well as their direction with respect to the c-axis can

e evaluated. Consequently, the magnetic structure and the tem-
erature and field dependence of magnetization of compounds
an be determined.

. Results and discussion

In our calculation the values of Ho and Mn magnetic
oments at 4.2 K are taken to be 10μB and 2.21μB, respec-

ively [3]. By fitting the experimental data in Refs. [2,3],
ncluding the spin reorientation temperature, thermal magneti-
ation curves and field dependence of magnetization at different
emperatures, the other magnetic parameters are estimated as fol-
ows: λMn–Mn = 154.8T/μBfu, λHo–Mn = −5.21T/μBfu, λHo–Ho =
.49T/μBfu, B0

2 = −0.09 K, B0
4 = 0.0005 K, K1t0 = −1.5 K/Mn

value at T = 4.2 K).
Fig. 1 shows the theoretically calculated temperature depen-

ences of easy magnetization direction of HoMn6Sn6 (a) and
he angles of Ho and Mn magnetic moments with respect to the
-axis (b). When temperature is above 200 K, as it can be seen
rom Fig. 1, the easy magnetization direction lies in the c-plane.
he angles of Ho and Mn magnetic moments all equal to 90◦. At
= 200 K the spin reorientation transition occurs and the easy
irection begins to turn to c-axis. As temperature decreases to
00 K the angle between the easy direction and c-axis is 48◦
nd keeps this value down to 2 K. During the process of spin
eorientation the Ho and Mn magnetic moments keep antiparal-
el. The calculated results are in good agreement with neutron
iffraction data [2].

There are many reasons which can lead to the spin reori-
ntation transition. The competition between the magnetocrys-
alline anisotropy energies of two magnetic subsystems or the

ompetition among the different order magnetic anisotropy con-
tants in the same subsystem may all give rise to the change of
asy magnetization direction. The estimated magnetocrystalline
nisotropy constant K1t of Mn-subsystem has negative value,

(a) and the angles of Ho and Mn magnetic moments with respect to the c-axis
ata (taken from Ref. [2]).
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the solution). At T = 2 K, sin θ3 = 0.55, θ3 = 48 . In the whole
temperature range of magnetically ordered state E2 is not the
8 G.-h. Guo, H.-b. Zhang / Journal of

hich indicates that its easy magnetization direction lies in the
-plane. Neutron diffraction study also confirms that the easy
irection of Mn-subsystem is in the c-plane [2]. The crystal field
arameter B0

2 acting on Ho3+ is negative (corresponding A0
2 is

ositive), which favors the easy magnetization direction of Ho-
ublattice along the c-axis. Investigations of Refs. [2,4] show the
pin reorientation transition of TbMn6Sn6 can be described in
he frame work of competition between the magnetocrystalline
nisotropy energies of Tb- and Mn-subsystems. For DyMn6Sn6
nd HoMn6Sn6, however, the competition between the first-
rder and the second-order magnetocrystalline anisotropy con-
tants K1 and K2 plays an important role in the process of spin
eorientation [5,6]. In fact, the estimated B0

2 is relative small
omparing with other rare earth-transitional metal compounds
corresponding A0

2 equals to 136 K · a−2
0 , while A0

2 of R2Fe14B
s as large as 983 K · a−2

0 [2]), which indicates that the higher
rder crystal field parameter cannot be neglected. Our calcula-
ions also show that the B0

4 plays a very important role in the
pin reorientation transition in HoMn6Sn6. Furthermore, below
00 K, the easy magnetization direction of HoMn6Sn6 is in cone
lane. This requests that K1 and K2 must satisfy the condition:
< −K1 < 2K2. Therefore, K2 must be taken into account in order

o explain the spin reorientation transition of HoMn6Sn6, which
ainly comes from the fourth-order crystal field parameter B0

4
f Ho ion.

In order to explain the spin reorientation transition of
oMn6Sn6 quantitatively, we have calculated the temperature
ependence of magnetocrystalline anisotropy constants of Mn-
nd Ho-subsystems in the frame work of single ion model.
e consider the magnetocrystalline anisotropy constant of Mn-

ubsystem follows Akulov–Zener law: Kt(T) ∝ M(T)3. In accor-
ance with single ion model, the magnetocrystalline anisotropy
oefficients of rare-earth sublattice can be written as following:

0
2(0) = 2J2B

0
2, K0

4(0) = 8J4B
0
4 (7)

ere J2 = J(J − 1/2), J4 = J2(J − 1)(J − 3/2). The temperature
ependence of Km

n (T ) follows:

m
n (T ) = Km

n (0)In+1/2

[
L−1

(
M(T )

M(0)

)]
(8)

ere In + 1/2 is hyperbolic Bessel function and L is Langevin
unction.

The magnetocrystalline anisotropy constants K1R and K2R

f rare earth subsystem can be calculated from the following
ormula:

1R = −1

2
(3K0

2 + 10K0
4), K2R = 35

8
K0

4 (9)

Fig. 2 shows the theoretically calculated temperature depen-
ence of K1R and K2R of Ho-subsystem. It can be seen from Fig. 2
hat the K2R keeps positive in the whole temperature range of
agnetically ordered state, which indicates that K2R favors the

asy magnetization direction of Ho-subsystem directed along the

-axis. In contrast, K1R changes its sign from positive to nega-
ive with the decrease of temperature. In high temperature range

1R favors the magnetic moment of Ho3+ along the c-axis. Below
30 K K1R becomes negative and makes for magnetic moment

s
d
s
n

ig. 2. The theoretically calculated temperature dependence of K1R and K2R.

f Ho3+ perpendicular to the c-axis. The total magnetocrys-
alline anisotropy constants of HoMn6Sn6 are K1 = K1R + 6K1t

nd K2 = K2R. In the whole temperature range of magnetically
rdered state K1 is always negative and K2 keeps positive.

Our theoretical calculations (Fig. 1b) and neutron diffraction
ata [2] all show that the magnetic moments of Ho and Mn ions
re always antiparallel in the whole magnetically ordered state.
n this case, the free energy correlated to the spin reorientation
ransition only includes the magnetic anisotropic energy:

an = K1 sin2 θ + K2 sin4 θ (10)

ere θ is the angle of the easy magnetization direction of
oMn6Sn6 with respect to the c-axis. The directions of mag-
etic moments of Ho and Mn ions and the easy magnetization
irection of compounds can be decided from equilibrium con-
ition. There are three states: the first, θ1 = π/2 corresponding
he c-plane easy magnetization direction. The second, θ2 = 0
ndicating the c-axis easy magnetization direction. The third,
in2 θ3 = −K1/2K2 and sin2 θ3 ≤ 1 representing the easy mag-
etization cone. The free energies corresponding the three solu-
ions are E1 = K1 + K2, E2 = 0 and E3 = −K2

1/4K2, respectively.
y comparing the values of the three energies we can decide
hich state is the stablest one. Fig. 3 displays the temperature
ependences of E1, E2 and E3. As shown in Fig. 3 in high tem-
erature range E1 is the smallest one, which indicates that the
asy magnetization direction is in c-plane. When temperature is
elow TSR = 200 K, E3 becomes the smallest one, showing the
pin reorientation transition occurs and the easy magnetization
irection begins to transfer to the c-axis (it is necessary to point
ut, when T > TSR, sin2 θ3 = −K1/2K2 > 1, therefore the θ3 is not

2 ◦
mallest energy. It means that the easy magnetization direction
oes not completely transfer to the c-axis. The calculated θ3 and
pin reorientation temperature TSR are in good agreement with
eutron diffraction results [2].
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Fig. 3. The temperature dependences of free energies E1, E2 and E3.

. Conclusion

The magnetic parameters of HoMn6Sn6 have been estimated
n the framework of molecular field model by fitting the differ-
nt kinds of experimental data. The temperature dependence of
agnetocrystalline anisotropy constants K1R and K2R of Ho ion

as been calculated. It is shown that the K2R keeps positive in the
hole magnetically ordered temperature range, which indicates
2R favors the magnetic moment of Ho ion directed along the
-axis. On the contrary, K1R changes its sign from positive to
egative at T = 130 K. Above 130 K, K1R is positive and makes
or the magnetic moment of Ho ion directed along the c-axis
nd below this temperature it favors the moment direction of Ho
on lying in the c-plane. The fourth-order crystal field B0

4 makes
reat contribution to the magnetocrystalline anisotropy energy.
he total magnetocrystalline anisotropy constant K1 is always

egative and K2 keeps positive in the whole temperature range
f magnetically ordered state.

As indicated in Refs. [2,4], the spin reorientation of
bMn6Sn6 comes of the competition of magnetocrystalline

[

and Compounds 429 (2007) 46–49 49

nisotropies of Tb- and Mn-subsystems. For HoMn6Sn6, how-
ver, in order to describe the spin reorientation transition sat-
sfactorily, the fourth-order crystal field parameter B0

4 (cor-
esponding to the second-order magnetocrystalline anisotropy
onstant K2R) must be taken into account, which plays key role
n the low temperature range. In compound HoMn6Sn6 the mag-
etocrystalline anisotropy energies of Ho- and Mn-subsystems
lso compete with each other, but the competition between K2R

ith K1R and K1t are the main cause of spin reorientation in
ompound HoMn6Sn6.
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