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ABSTRACT 
Pressure effects of the magnetic structures of Tb, Ho 
and Er have been studied by neutron diffraction using 
a newly-developed clamp type pressure cell. For Tb 
the pressure dependence of the turn angle in a heli
cal phase shows an enhancement of its value, particu
larly in low temperatures with increasing pressure 
but no lock-in feature. Linear coefficients of the 
magnetic transition temperatures to pressure are ob
tained. For Ho the turn angle is increased by pres
sure and shows an almost linear temperature depend
ence at high temperatures and lock-in features at low 
temperatures. For Er the high pressure results re
veal that the transition to a conical structure at 
low temperatures is suppressed and that a cycloidal 
structure with a modulation vector Q=2/7(2n/c) per
sists down to 4.5 K, similar to a three up four- down 
structure in Tm. 

INTRODUCTION 
As is generally accepted, helical or oscillatory magnetic 

orderings in rare earth metals and 'alloys are attributed to the 
results of a compromise between competing magnetic interactions 
such as indirect RKKY interaction, one-ion and two-ion aniso-
tropy effects and magnetoelastic effects [11. The dependence 
of the magnetic structures on interatomic distance should pro
vide information on these competing interactions and lead us to 
a deeper understanding of the transitions between the observed 
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ABSTRACT 

Pressure effects of the magnetic structures of Tb， Ho 
and Er have been studied by neutron diffraction using 
a newlY-developed clamp type pressure cell. For Tb 
the pressure dependence of the turn angle in a heli-
cal phase shows an enhancement of its value. particu-
larly in low temperatures with increasing pressure 
but no lock-in feature. Linear coefficients of the 
magnetic transition temperatures to pressure are ob-
tained. For Ho the turn angle is increased by pres-
sure and shows an almost linear temperature depend-
ence at high temperatures and lock-in features at low 
temperatures. For Er the high pressure results re-
veal that the transition to a conical structurc at 
low temperatures is suppressed and that a cycloidal 
structure with a modulation vector Q=2/7(2πIc) per-
sists down to 4.5 K， similar to a three UP four down 
st1'ucture in Tm. 

INTRODUCTION 

As is generally accepted. helical 01' oscillato1'y magnetic 
orderings in rare earth metals and ~lloys are attributed to the 
results of a compromise between competing magnetic interactions 
such as indirect RKKY interaction， one-ion and two-ion aniso-
tropy effects and magnetoelastic effects [1]. The dependencc 
of the magnetic structures on interatomic distance should pro-
vide info1'mation on these competing interalごtions and lead us to 
a deeper understanding of the transitions between the observed 
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various spin configurations. Therefore, high pressure studies 
have been extensively performed on their magnetic properties 
[2-101. Most of them in the past decades are measurements of 
electrical resistance or initial permeability, so that a de
tailed magnetic structure has remained unclear so far C2-61. 
Though Umebayashi et al. [71 have made neutron diffraction 
studies of the effects of pressure on Tb and Ho, an experiment
al range of pressure and temperature was slightly limited to 0-
0.6 GPa and room temperature-80K, respectively, because of 
using helium gas-pressure facilities. Recently we have devel
oped a McWhan-type [111 high pressure cell for neutron scatter
ing [121 and have used it successfully to examine pressure 
effects on the magnetic structures of Ho [81, Tb [9] and Er 
[101 over a wide pressure and temperature range (from 0 to 2.5 
GPa and from 10 to 300K) by neutron diffraction. In the pre
sent report, we summarize the high pressure neutron diffraction 
studies of the magnetic structures of Tb, Ho and Er above men
tioned. 

EXPERIMENTAL 
Single crystals prepared with a usual strain-anneal method 

was placed in the high pressure cell, available up to hydro
static ~3GPa together with a single crystal of NaCl as a pres
sure marker. The pressure was monitored by a measurement of 
the lattice compression of NaCl. The pressure cell was mounted 
on a cold tip of a close-cycle gas-He refrigerator or of a 
variable temperature He4-cryostat. The neutron diffraction ex
periments for Tb, Ho, and for Er were carried out at Kyoto Uni
versity Reactor using the TAS spectrometer (KUR-TAS) with in
cident neutrons of 1.007A and at Ris# National Laboratory, 
Denmark using the TAS6 spectrometer with incident neutrons of 
2.453A, respectively, in the two-axis mode. The data were col
lected for the (HHL) type reflections and the diffracted inten
sities were normalized to constant monitor counts by means of a 
neutron beam monitor. 

RESULTS AND DISCUSSION 
lb 

As shown in Fig. 1, there exist three magnetic transition 
temperatures T^, T^ and Tp under pressure with temperature. 
The helical phase appears within a narrow temperature interval 
from TM to Tp, while between T^ and Tp both of helical and 
planar ferromagnetic phases coexist. Pressure causes a reduc
tion of these three transition temperatures and appears slight
ly to expand the temperature interval for the helical phase. 
Table 1 summarizes the coefficients of linear shift for the 
transition temperatures with pressure. The obtained coeffi
cients are in fair agreement with the results up to 0.276 GPa 
by Umebayashi et al. [71. 

Figure 2 gives the turn angle u of a helical structure 
for Tb under pressure. The curve at ambient pressure generally 
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various spin configurations. Therefore. high pressure studies 
have been extensively performed on their magnetic properties 
[2-10]. Most of them in the past decades are measurements of 
electrical resistance or initial permeability. so that a de-
tailed magnetic structure has remained unclear so far [2-6]. 
Though Umebayashi et al. [7] have made neutron diffraction 
studies of the effects of pressure on Tb and Ho. an experiment-
al range of pressure and temperature was slightlY limited to 0・
0.6 GPa and room temperature-80K. respectively. because of 
uSing helium gas-pressure facilities. Recenlly we have devel-
oped a McWhan-type [11] high pressure cell for neutron scatter-
ing [12] and have used it successfully to examine pressure 
effects on the magnetic structures of Ho [8]. Tb [9] and Er 
[10] over a wide pressure and temperature range !from 0 to 2.5 
GPa and from 10 to 300KJ by neutron diffraction. In the pre-
sent report. we summarlze the hlgh pressure neutron diffraction 
studies of the magnetic structures of Tb. Ho and Er above men-
tioned. 

EXPERIMENTAL 

Single crystals prepared with a usual strain-anneal method 
was placed in the high pressure cel1. available up to hydro-
static -3GPa together with a single crystal of NaCl as a pres-
sure marker. The pressure was monitored by a measurement of 
the lattice compression of NaCl. The pressure cell was mounted 
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cident neutrons of 1.007A and at Ris0 National Laboratory. 
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2.453A. respectlvely. in the two-axls mode. The data were col-
lected for the (HHLI type reflectlons and the diffracted inten-
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tion of these three transition temperatures and appears slight-
ly to expand the temperature interψal for the helical phase. 
Table summarizes the coefficients of linear shift for the 
transition temperatures with pressure. The obtained coeffi-
cients are in fair agreement with the results up to 0.276 GPa 
by Umebayashi et al. [7]. 

Figure 2 gives the turn angle ωof a helical structure 
for Tb under pressure. The curve at ambient pressure generally 
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agrees with the results [13] reported previousl 
s-figure temperature dependence. With increasi 
s-figure behavior appears slightly to collapse 
in w is remarkable at lower temperatures, 
ferromagnetic component develops rapidly with 
reduction of the helical component. There is 
ture in the temperature dependence of w with 
sures. It is likely that the development of th 
component is responsible for the s-figure behav 
in feature. They may be correlated each other, 
Kaino and Kasuya 114]. 
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Fig. 1. Thermal variation of the 
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Table !. Magnetic properties of Tb under high pressure. 
ambi ent 
present [13] 

1.03 1.93 linear coefficient (/GPa) 
GPa GPa present 122._ 

TN(K) 231 228 225 
Wjldefi 20.6 20.5 23.4 
TC(K) TF(K) 

225 
218 

225 
217 

217 
206 

215 
24. 
200 
192 

dTN/dp=-8.2 K 
w ^ d w i/dp=0. 1 
dTc/dp=-12.8 K dTF/dp=-13.4 K 

w f(de!H 18.0 18.0 23.3 29.0 C ) wj !dw f/dp=0.3 

-7.9 

-10.6 

a) u> at T N 
b) w at Tr c) Extrapolated to Tp. 

Ho 
The temperature dependence of the helical turn angle u> is 

shown at various pressures in Fig. 3. The pressure produces a 
rather large enhancement of w and a lock-in feature below 
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agrees with the results [13J reported previouslY. including the 
s-figure temperature dependence. With increasing pressure this 
s-figure behavior appears slightly to cOllapse and an increase 
lnωis  remarkable at lower temperatures. where a planar 
ferromagnetic component develops rapidlY with a simultaneous 
reduction of the helical component. There is no lock-in fea-
ture in the temperature dependence of ωwithin these pres-
sures. It is likely that the development of the ferromagnetic 
component is responsible for the s-figure behavior and no lock-
in feature. They may be correlated each other. as suggested by 
Kaino and Kasuya [14J. 
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~30K, whereas it gives an almost linear temperature dependence 
above ~30K. According to a free electron model the helical 
turn angle depends on energy gaps w=MV/EF at magnetic superzone boundaries, and a s,pin disorder scattering parameter r-
(9 7i/8)(S--M-HV/EF)'-. Here S and M are the spin magnetic mo
ment at OK and TK, respectively, V the exchange potential and 
E F the Fermi energy of conduction electrons. Figure 4 shows 
equal turn angle contours on the (w, r ) plane given by Miwa 
C16], in which the obtained turn angles are plotted along t= 
T/T N lines. If t=T/TN is constant, then M is constant, so that w should be on the straight line through the origin. if 
pressure is constant, then V is constant, so that w should be 
expressed by a linear line. The lines for different pressures 
have different inclinations but converge at the (0,4) point. 
At 2.1 GPa the line crosses the abscissa at (3,0) instead of 
(4,0) at ambient pressure. This means that the ambient squared 
exchange potential is reduced by 25% at 2.1 GPa. 

Below 20K w shows a lock-in feature. The lock-in turn 
angles are 31 ,36° (commensurate 2/10), 40° (commensurate 
2/9) and 41° at ambient pressure, 0.7GPa, 1.6GPa and 2.1GPa, 
respectively. Recent studies of Ho by magnetic scattering with 
synchrotron radiation have shown the presence of spin slips for 
the lock-in phase with a commensurate modulation in the helical 
structure c m . The present 31° and 41° structures would be 
produced ^from a proper combination between commensurate 30° 
and 32.72° (2/11) structures and between commensurate 40° and 
45 structures, respectively. An actual structure should ap
pear as a mixture of such various slip structures in order to 
reduce a lattice distortion associated with introduced spin 
slips. - — — 

Holmtum 
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ambient 

Fig. 3. 
the hel 
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Temperature dependence of 
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hi et. al. C73 . 
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u 

Fig. 4. Contours of equa 
tui;n angles plotted in th 
(t^.S^-M^) plane CI61. 
turn angles are plotted 
along t=T/TN line, where (S^-U-)/w- = const ant but 
(V/EF) is modified with the pressure in the same 
figure. 
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-30K， whereas it gives an a1most 1inear temperature dependence 
above -30K. According to a free e1ectron mode1 the helical 
turn ang1e depends on energy gaps w=MV/Ej:;" at magnetic super‘zone 
boundarie~ and a ~pi l1 disorder scattering parameter r:= 
(9π/8)(S6_M~)(V/~F)~' Here S and M are the spin magnetic mo-
ment at OK and TK~ respective1Y， V the exchange potentia1 and 
E~ the Fermi energy of conduction electrons. Figure 4 shows 
e<wal t.urn ang 1 e contours on the f w. r ) pl aneヲiven by Miwa 
[16J， in which the obtained turn angles are plotted along t= 
T/TN lines. If t=T/!N is constant， then M is constant， so that 
ωshould be on the 5traight line through the origin. If 
pressure is constant. then V is constant. 50 that ωshould. be 
expr'es5ed by a linear line. The lines for different pressures 
have different ioclinations but converge at the (0.4) point. 
At 2.1 GPa the line crosses the abscissa at (3.0) instead of 
(4，0) at ambient preS5ure. This means t11at the ambielJt squared 
exchange potential is reduced by 25% at 2.1 GPa. 

Be10w 20Kωshows a lock-in feature. The lock-in turn 
angles are 31" ，36" (commensurate 2/10). 40" (commensurate 
2/9) and 41" at ambient pressure， 0.7GPa， 1.6GPa and 2.1GPa， 
respective1y. Recent studies of Ho by magnetic scatte1'ing with 
sYnchrot1'on 1'adiation have shollJl1 the presence of Spill slips for 
the lock-in phase with a commensurate modu1ation in the he1ica1 
structure (17J. The present 31. and 41・ structures would be 
produced from a proper combination between commensurate 30。
and 32.72" 12/111 structures and between commensurate 40・and
45" structures， respectively. An actual structure should ap-
pear as a mixture of such various slip structures in order to 
1'educe a lattice disto1'ti on associated with introduced spin 
s 1 i ps . 
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Er 
Figures 5 and 6 show neutron diffraction patterns at 4.5K 

and hydrostatic 1.15 GPa, scanned along the (0,0,L) and (I.l.L) 
direction, respectively. There is no higher harmonics compo
nent along the (0,0,L) direction but higher harmonics up to the 
seventh one along the (l.l.L) direction, because the observed 
modulation vector Q=2/7(2TI/C) means that a ferromagnetic com
ponent corresponds to the seventh harmonics. From those pat
terns it is concluded that the transition from a cycloidal to 
conical structure at ambient pressure is entirely suppressed by 
pressure and the cycloidal structure persists down to low tem
perature 4.5K. 
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4.5 K (b) 

JjjU^W 

4.5 K (b) 

ML^Ahp\A 
| Magnetic only (c) 

r r 

I I 
• ,*•• : M r — 

MILLER INDEX I 

Fig. 5. Diffraction patterns 
for Er at 1.15GPa by scanning 
along the [00L] direction. 
Figures (a) and (b) show the 
patterns at 95K, well above 
T N and at 4.5K, respective
ly. Figure (c) is the dif
ference between (a) and (b), 
i.e. only the magnetic scat
tering. The peaks marked A ~ 
J are reflections from the 
AI2O3 pressure-supporting 
device. 
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Fig. 6. Diffract 
for Er at 1.15GPa 
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only the magnetic 
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pressure-support i 

ion patterns 
by scanning 
irection. 
b) show the 
well above 
respectively. 
difference 

b), i.e. 
scatering. 
F~J are re-
e Al20g ng device. 

the 
The obtained intensities have been analyzed according 
following cycloidal model with Er atoms at r n in the 

to 
nth 
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ponent corresponds to the seventh harmonics. From those pat-
terns it is concluded that the transition from a cycloidal to 
conical structure at ambient pressure is entirely suppressed by 
pressure and the cycloidal structure persists down to low tem-
perature 4.5K. 
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hexagonal 
U x(n) = p. 

basal plane: 
xO cos(r n • Q+ a v ) n li y (n) = // y 5 c o s (rn' • Q+ a y) ~ 0 (1) 

li z(n)=A]Cos(rn • Q+ r \)+Agcps(3rn • Q+ r 3)+A5cos(5rn • Q+ r 5) 
+ A 7cos(7r n • Q+ r 7). where x, y and z refer to moment components in the a-, b- and 

c- direction of the real space lattice. Each moment component 
can be determined from the magnetic intensities. Though neu
tron diffraction cannot usually yield the phase angles for each 
harmonics component, in the present case the modulation is com
mensurate with Q=2/7(2 71/c), so that they can be evaluated by a 
trial and error method with the following conditions: (1) with
in experimental errors the total moment on any Er should not 
exceed the free ion value of 9 u g per Er atom, (2) the moment 
of all atom should be as large as and of as equal length as 
possible, and (3) nyo which causes the plane of the cycloidal 
spin configuration to wobble, is assumed to be negligible. The 
results are summarized in Tables 2 and 3. together with those 
obtained from the same analysis of ambient data by Habenschuss 
et al. [17]. 
Table 2. The magnetic structures of Er at 1.15 GPa and at am
bient pressure. For the helical structure //l=(Iv r2)^ x 0. 
1.15 GPa, 4.5K ambient, 4.5k ambient, 22K 
cycloid cone cycloid 
present work Habenschuss et al.[18] Habenschuss et al_. [18] 
# x 0 = 4.41C0.34) /i0=4.44 " t = r 

p. VQ~0(assumed) Aj=7.8 
Ai=10.16(0.64) 
Ao=3.33(0.06) 
A5=2.67(0.07) A7=1.83(0.24) 

=0, n=3, 

^total = 9-° 
/iX=3.12(0.24) * 

Q=2/7(27r/c) Q=5/21 (27t/c) 

*xfls 

/ixg*0,n=3,5 
U yn ~ 0 A,=I0.5 
A3=2.5 A 5=1.2 A7=0.8 A n, n=odd, up to 17 

lt± 1 =3.8 * 
/zX n * 0 , 11=3,5 
Q=2/8(2 7i /c) 

Table 3. The phase angles determined by the method described 
in the text. The notation is the same as that used in Eq.(l). 
1.15GPa, 4.5K 
cycloid. Fig. 
present work 

ambient, 22K 
7a cycloid, Fig. 7b 

Habenschuss et al.[18] 
a x = 71 / 2 
r 1=0 
r 3= n 
r 5 = o 
r 7= 71 

Q=2/7(2 71 / c ) 

a x = - 7t / 4 
r 1= 71 / 4 
a 3=- 7t / 4 
r 5=5 71 / 4 
r 7=-5 n /4 

Q=2/8(27t / c ) 

a m b i e n t , 22K 
c y c l o i d , F i g . 7c 
Habenschuss e t a l [18] 

« x = 7t / 8 
T x = - 3 it /8 
r 3=- 71 / 8 
r 5=71/8 
r 7=-5 n /& 

Q=2/8(2 71 / c ) 

- 4 9 7 -

hexagc下na1 basa1 p1ane: 
μx(n)=μxOcos (rn • ~+αx) 
μ;: ~ n) =μyOc<?s(rn・Q+α;;)--0 (j ) 
μz. (n) =Aj eos (!:n .--Q!γ1 ) +A3cps (3rn • Q+ r 3) +A5cOS (5rn・Q+r 5) 

+Ä7cos(7rn • Q+ f7)' 
whe1'e X~ Y and-'z refer to moment components in the a-， b- al1d 
c-dlrection of the real space lattlce. Each moment component 
can be determlned f1'om the magnetic intensities. Though neu-
t1'on dlffraction cannot usual1y yie1d the phase a11g1es for each 
harmonlcs component， In the present case the modulatlon is com-
mensurate with Q=2/7(2πIc)， so that they can be evaluated by a 
t1'la1 and e1'1'or method with the fo110wlng conditions: (1) ~Ith
In expe1'lmental e1'ro1's the tota1 mornel1t 011 any Er should not 
exceed the f1'ee 1011 va1ue of 9μB pe1' E1' atom， (2) the moment 
of a11 atom shou1d be as 1arge as al1d of as equa1 1ength as 
possib1e， and (3)μyO which causes thep1a11e of the cYclol~aJ 
spin configuratlon to-wobb1e， 15 assumed to be neg1iglb1e. The 
1'esults a1'e summarlzed In Tab1es 2 and 3. together with those 
obtained from the same ana1ysis of ambient data by Habenschuss 
et a1. [l71. 
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up to 17 μtotal=9.0 

1=3.8 * 

μょ n 字企 0，n=3，5 
Q=2/8(2πIc) 

μよμよ=3.12【0.24)* 

3. The phase a11g1es dete1'mined by the method descrlbed 
t ext. The 110tatlo11 is the samc as tha t used in Eq.(I). 

Q=5/21(2πIc) Q=217 (2π IcJ 

Tab1e 
In the 

1.15GPa， 4.51¥ arnbient， 221¥ ambient， 221¥ 
cyclold， Fig. 7a cyclold， Fig. 7b cyc10id， Fig. 7c 
present ¥olork Habenschuss et al.[18] Haber】schuss et al.[18] 
αx=π 12 α x π 14 αx=π 18 
r 1 =0 r 1=π 14 r x=-3π 18 
r 3=π α3=ー冗 14 '( 3=ーπ/8
r 5=0 r 5=5π/4 r 5=冗 /8
( 7=π r 7=-5π14 r 7=ー5π/8
Q=2/7(2πIc) Q=218(2πIc) Q=218(2πIc) 
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According to the obtained phase angles and the moment com
ponents in tables 2 and 3, Fig. 7 depicts the spin configura
tion of the cycloidal structures in Er. In the present high 
pressure case a cycloidal modulation is commensurate with 
Q=2/7(2Ji/c), so that a ferromagnetic component can be directly 
evaluated from the seventh harmonics satellites. This fact 
means that the phase of the seventh harmonics is no longer a 
free parameter,' it must be either 0 or n . Although another 
set of the phase angles, 7r/2, 0, n , 0 and 2n/3 fulfills the 
above three conditions better than the values in the table 3, 
the corresponding structure is not the correct commensurate 
structure because the ferromagnetic component will be too small 
(A7cos(2 7t/3) instead of A 7 ) . 

Fig. 7. Spin configuration for a cycloidal structure of Er at 
4.5K and at 1.15GPa (a). The moments have been projected onto 
the xz-plane and displaced to a common origin.The numbers n=0-
7(8) refer to the ith layers of atoms. (b) and (c): possible 
cycloids at 22K and at ambient pressure from data given by 
Habenschuss et al.[18]. See tables 2 and 3. 

The cycloidal structure of Er at 1.15 GPa and at 4.f>K 
shown in Fig. 7a has a net ferromagnetic moment of -1.8 ± 0.3 
AtB along the c-axis. A maximum deviation of a spin from the 
c-axis is about 26° . The structure is almost a three-up-four-
down structure similar to the one observed in Tin metal by 
Koehler et al.U91. In Tm, the spins in plane perpendicular to 
the c-axis are ferromagnetically aligned parallel to the c-
axis in a three-up-four-down sequence with modulation vector of 
Q=2/7 along the c-axis. 

Figures 7b and 7c show two possible spin configurations 
determined in the same way as above mentioned from the data of 
Habenschuss et al. [181 at ambient pressure and at 22K. From 
neutron diffraction alone it is impossible to decide which of 
these two structures is correct. The structure shown in Fig. 
7b is highly anisotropic: the second and sixth spins are in the 
basal plane while the remaining spjns are predominantly along 
the c-axis. Due to strong magnetoelastic effects in Er [13 
this configuration will lead to a lattice distortion with a 
periodicity of Q=4/8. In contract, the structure shown in Fig. 
7c is relatively isotropic with all spins predominantly along 
the c-axis and will lead to a relatively small lattice distor
tion. Therefore, precise X-ray experiments may allow us to 
distinguish between these two structures. 
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the xz-plane and disPlaced to a common origin.The numbers n=O-
7(8) refer to the ith layers of atoms. (bl and (c): possible 
cycloids at 22K and at ambient pressure from data given by 
Habenschuss et al.[18]. See tables :: and 3. 

The cycloidal structure of Er at 1.15 GPa and at 4.5K 
shown in Fig. 7a has a net ferromagnetic 1lI0ment of -1.8土 0.3
μR along the c-axis. A maximum deviation of a spin from the 
c-axis is about 26.. The structure Is almost a three-up-four‘ 

down structure similar to the one observed in Tm metal by 
Koehler et al.[19]. ln Tm. the spins in plane perpendicu]ar to 
the c-axis are ferromagnetical1Y a1igned parallel to the c-
axis in a three-uP-four-down sequence with mQdulation vector of 
Q=2/7 along the c-axis. 

Figures 7b and 7c show tWG possible spin configurations 
determined in the same way as above mentioned frrn自 thedata of 
Habenschuss et al. [18] at ambient pressure and at 22K. From 
neutron diffraction alone it is impossible to decide which of 
these two structures is correct. The structure shown in Fig. 
7b is highly anisot/'opic: the second alld sixth Spl11S arc ln th台

basal plane while the remaining sp!ns are predominantly aloog 
the c-axis. Due to strong magnetoelaslic effects In Er [IJ 
this conflguration will lead to a lattice distortion with a 
perlodlcity of Q=4/8. 1n contract. the structure shown in Fig. 
7c is relative1y isot)'opic with al1 spins predominantly alon9 
the c-axis and will lead to a re1atlve1y small lattlce distor-
tion. Therefore. precise X-ray experilsents may al10w us to 
distinguish betweヒnthese two structures. 
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