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Neutron Diffraction Study of Tb and Ho under High Pressure*
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The pressure dependence of the helical turn angle au of Tb and Ho single crystals was measured by neutron
diGraction up to 6 kbar at temperatures above 80'K. At constant T—T~, the relative changes of co with
pressure (1/co)de/dp were slightly temperature-dependent, but representative average values were 20X
10 '/kbar for Tb and 1.2&(10—'/kbar for Ho. These values were explained satisfactorily by a calculation
based on Miwa's theory. The values for the pressure coeKcients of the Neel temperature of Tb and Ho, as
well as of the ferromagnetic transition temperature of Tb, were also obtained and were in reasonable agree-
ment with the reported values. The spiral temperature range in Tb was found to increase with pressure at
the rate of 0.3~0.12'K/kbar.

I. INTRODUCTION

T is mell known that rare-earth elements with more.. than half-fdled 4f electron shells, Tb to Tm, gen-
erally undergo two kinds of magnetic transitions, and
that they have sinusoidally modulated arrangements
of the magnetic moments between the two transition
temperatures. ' The effect of high pressure on their
magnetic properties has been studied rather extensively
in recent years. ' ' Below certain critical pressures
(&25 kbar) where crystallographic transitions take
place, the magnetic properties change smoothly as
functions of pressure. Both the Noel temperature (T~)
and the ferromagnetic transition temperature (Tr)
decrease linearly with an increase of pressure. Here T~
and Ty specify the transition temperatures between
the paramagnetic and ferromagnetic states. Reported
values of the linear coeKcients for Tb and Ho are sum-
marized in Table I together with the present results.
In addition to the observation of the T~ and Ty shifts,
there are measurements of the pressure effects on the
saturation magnetization for ferromagnetic Tb 4 and
on the electrical resistivity for Tb and Ho.7 '

Since the rare-earth metals have well-localized un-
paired electrons in an inner 4f shell, a good approxima-
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tion for their magnetic interaction is considered to be
an indirect exchange interaction via conduction elec-
trons. Efforts have been made to interpret the results
of previous high-pressure experiments in terms of this
interaction ' 4' '0

The present paper reports the results of neutron-
diffraction experiments on Tb and Ho single crystals
under high pressure. Emphasis is placed on the behavior
of the helical periodicity under pressure since it is a
quantity uniquely observable in a neutron-diffraction
experiment. The results obtained are discussed in the
light of a theory by Miwa. "

II. EXPERIMENTAL METHOD

Single crystals of Tb and Ho were kindly provided
by Professor F. H. Spedding and his colleagues at the
Ames Laboratory and Dr. R. J. Gambino at IBM
Watson Research Center, respectively. The crystals
were shaped into cylindrical rods approximately 1 mm
in diam and 10 mm in length. The L110j direction for
Tb and the L110]direction for Ho were aligned parallel
with the cylindrical axes. The sample was placed in a
pressure cell of maraging steel as shown in Fig. 1. The
sealing surface of the cone-shaped plug was coated
with indium and the high pressure tubing (0.0625 in.
o.d. , 0.006 in. i.e.) was silver-soldered into the plug.
Hydrostatic pressure mas transmitted by He gas and
was measured by a precision Bourdon tube gauge up to
2.8 kbar and by a calibrated manganese resistance
gauge at higher pressures.

As is well known, a helical magnetic structure is
characterized by the appearance of magnetic satellite
peaks in a neutron-diffraction experiment, and the
periodicity of this structure may be calculated from
their spacing. In the present experiment, the (0,0, 2+8)
rejections of Ho were observed, but for Tb the
(1,1, &b) reflections were chosen since high resolution

"S. H. Liu, Phys. Rev. 12V, 1889 (1962) .
"H. Miwa, Proc. Phys. Soc. (London) 85, 1197 (1965).
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TABm I. Pressure coeKcient of TN and Ty.

Tb ('K/kbar)
tE T~/dp d Tf/dp

Ho ('.K/kbar)
d T~/rjp Methods

Pressure
range(kbar}

Pressure
medium References

—1.07&0.03
—0.82+0.1

—1.0
—1.05
—0.76~0.05

—1.24
—1.06~0.10

~ ~—0.48~0.01 Initial permeabzhty
—0.45&0.15 Initial permeability

Initial permeability
Resistivity

—0.33+0.05 Neutron diffraction

4-71
0—6

0—25
0—14
0—6

AgCl
Petroleum ether or He

gas
AgCl
AgCl
He gas

5
6
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temperature in Fig. 5 occurs approximately at the
temperature where the satellite intensity decreases
(see Fig. 2). The pressure dependence of &o in this
temperature range appears complicated because Ty —TN
varies with pressure and the curves are expected to
cross one another.

Apart from such complications near the transition
temperatures, co increases with application of pressure.
The relative amounts of the change (1/ra) der/dP, at a
constant T—TN in Tb and Ho, are obtained from the
graph and listed in Table II for two representative
values of T—T~. Note that the value is about one
order of magnitude greater in Tb than in Ho.

IV. DISCUSSIONS

Several theoretical treatments have been reported
in which the s f excha—nge model is employed in ex-

Fxo. 3. Pressure dependence of the Noel temperature TN
for Tb and Ho, and of the ferromagnetic transition temperature
Ty for Tb.
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Fj;G. 4. Temperature dependence of the ratio of the structure
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pressures.

'~ E. S. Fisher and D. Dever, Trans. Met Soc. AIME 239, 48
(1967).

formation about the lattice contraction under pressure
can be obtained from the neutron-diAraction data;
however, the accuracy of a lattice constant measure-
ment is much less than that attainable in measuring
the satellite spacing. Therefore, the lattice constant
changes were estimated by means of the bulk modulus,
which was determined from the elastic constants. This
correction is found to be important only for the case
of Ho. The elastic constants for Ho were herein ob-
tained by interpolation of the reported elastic constants
for Dy and Er."

The turn angle co is plotted as a function of T—T~
at various pressures in Figs. 5 and 6 for Tb and Ho,
respectively. The curves for the lowest pressures are
in general agreement with the results by Koehler
et u/. ,' including the s-figure temperature dependence
of co for„-Tb in Fig. 5. Note also that the rise of co at low
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Fzo. S. Turn angle of the spins ~ of Tb as a function of T—T~ at
various pressures.

plaining the variation of the periodicity of rare-earth
helical structures with atomic number and with
temperature. ""

It is now generally accepted that the periodicity is
determined by the following two factors: the finite
mean free path of the conduction electrons, mostly due
to the 4f spin disorders proposed by de Gennes and
Saint James, '4 and the effect of super-zone boundaries
for conduction electrons created by the long period
modulation of the effective potential proposed by
Klliott and Wedgewood. " Miwa" developed a unified
theory in which these two factors were taken into
account. According to his theory, the turn angle co is
determined by two parameters f and g which char-
acterize the super-zone boundary eGect and spin-

~3 K. Voshida and A. Watabe, Progr. Theoret. Phys. {Kyoto)
28, 361 (1962}.

'4 P. G. DeGennes and D. Saint James, Solid State Commun. 1,
62 (1963)."R.J.EOiott and F. A. Wedgwood, Proc. Phys. Soc. (London)
8~, 63 (1964).
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Tmz, z II. Change of interlayer turn angle with pressure.

Ho

2N

co at 1 atm

—4.O'K

20.0'
—9.0'K
17 7

—7.O'K

50.0'
—36.5'I

45.0'

40 '(dGu/dp) /10'(kbar ')
Observed

Calculated

20+2
19

23+2
25

1.2~0.2

0.6
2.3+0.4
0.9

f=M'(V/er)'

disorder effect, respectively. f and g are given as In this case the pressure dependence of ~ is obtained by
follows:

(~) , 8 f ~f81 ( *V)

ap auf„& 8 in' 3&
'

q= (S'—M') (V/ey)'

where S is the spin quantum number S= (g—1)J
(g is Lande's factor), M is the thermal average of S,
V is an averaged matrix element of the s f exchan—ge
interactions, and ef is the Fermi energy. The agreement
of this theory with previous experiments was qualita-
tive, but in view of the simplified assumptions adopted,
the general approach of the theory would seem to be
valid.

In the theory, or is determined by an equation of the
form

f(~, S, M) = V/ef ~ m*vm~'V

50

47
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45-
44-

43
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Frc. 6. Turn angle of the spins ~ of Ho as a function of T—TN at
various pressures.

where m* and v are the effective mass of the conduction
electrons and the volume of the crystal, respectively.
If we discuss the pressure dependence of or at a fixed
reduced temperature T/T~ (actually at a axed T—TN,
but the difference is negligible since the change of T~
with pressure is small), M is approximately constant.

where
f„=af/8~.

In order to evaluate (1/co)8&v/ap from Eq. (4), an
empirical function was chosen for f(~, S, M) which
would simulate the experimental equal turn angle
contours in the (M', S'—M') plane as given by Miwa. "
The quantity in the parentheses can be evaluated from
the pressure dependence of the electric resistivity p
due to spin disorder scattering, as pointed out by
Block and Pauthenet. 4

, dpi' / 8 ln(m*V) Si

dp I, 8 inn 3&

It is to be noted here that the value for the volume
dependence of the exchange integral 8 lnV/8 inn in
Eqs. (4) and (5) should be less by unity than the cor-
responding value used by Bloch and Pauthenet be-
cause of the difference in definition of the exchange
parameter.

Using Stager and Drickamer's' values for the re-
sistivity change with pressure, and assuming the
lattice contribution to the change in resistivity to be
negligible, ' we get the values (1/~) ko/dp from Eqs.
(4) and (5) which are listed in Table II. In view of
the crude approximation made, agreement with experi-
mental values is good.

Since there is no great difterence between Tb and Ho
in the quantity within the parentheses in Eq. (4), the
great difference in (1/a&) Au/dp arises from the factor
in front. In other words, it may be generally said that
in the framework of the present calculation, the longer
the wavelength of the periodic modulation, the more
sensitive it is to the small change of the conduction
band characteristics or the s f exchange interac—tion.
Evidently this behavior is related to the experimental
observation that or is a steep, decreasing function of
the de Gennes factor

E= Qc;(g—1)'J(X+I)
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when co is small, ' which dependence may be inferred
from the experiments on Tb—Y, Tb-Lu, and Tb—Sc"
alloys as well as for the rare-earth elements. It is also
consistent with the fact' that when as little as 10% La,
which generally tends to diminish co, is added to Tb,
the helical structure becomes unstable and the ferro-
magnetic structure (eI=0) is realized. The microscopic
explanation for this is not clear as yet.

"H. R. Child and W. C. Koehler, J. Appl. Phys. 37, 1353
(1966).
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Heat Capacity of Mn(NH4), (SO,), 6H, O near Its
Critical Point*
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Measurements of the heat capacity of manganese ammonium Tutton salt as close as 4.8)&10 ' 'K to
T,(=0.176'K) are presented. The measurements were made using both a cerium magnesium nitrate and a
chromium potassium alum thermometer. Power- and logarithmic-law fits to the data are possible above

10 ' for a limited range of &= (T—T.)/T, . In the power-law fit the heat capacity varies as e '". For
smaller e, a pronounced rounding of the heat capacity is observed below and above T,. In every series of
measurements, a T, could be defined with an accuracy in e better than 3)&10 ~. A comparison with measure-
ments on other magnetic transitions and a simple hypothesis to explain the "rounding" of the peak are also
presented.

I. INTRODUCTION

ECENTLY there has been a great increase' ~ in
theoretical and experimental interest in static

phenomena in the vicinity of critical points. The tem-
perature dependence of the heat capacity very near
the critical point is one of the quantities of primary
interest in this field. The expected temperature de-
pendence can be described by

C+ =A+c +8+,

c =A
I

~ I--'+fJ-,
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where AA, 8+, n, and n' are constants, 4=—(T T,)/T„—
and the subscripts & refer to e&&0. In the case of n (or
IE') equal to zero, Eq. (1) reduces to C~ lne. Excluding
size effects, Kqs. (1) are expected to be valid from the
transition out to some relatively large e ( 10 '). Pre-
vious measurementss of the speci6c heat of manganese
ammonium Tutton salt (MATS), Mn(NH4)s(S04)s.
6H20, showed that a X-type heat-capacity anomaly, a
result of a magnetic ordering transition, existed at a
temperature of about 0.173'K. Although measurements
were carried only to within &10 ' T„ their qualitative
features indicated that a rapid drop in heat capacity
occurred within a temperature interval substantially
less than ~10 ' T,. This stimulated us to believe that
perhaps MATS might be an ideal crystal for experi-
mental study, so the present, more precise measure-
ments were undertaken. MATS was also of interest to
us since it is a material in which the interaction forces
are relatively weak, as indicated by the small value of
T,. Further, the heat capacity is primarily due to
magnetic interactions, the lattice contribution being
negligible throughout the range of our measurements.
Hence the difhculties common to high-temperature
experiments in separating magnetic and lattice heat
capacities are not present in this one. Moreover, the
smaller the lattice heat capacity is with respect to the

' O. E.Vilches and J. C. Wheatley, Phys. Rev. 148, 509 (1966).


