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Magnetocrystalline phase diagram of Th: A triple line
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Single crystalline terbium was examined employing both uniaxial and hydrostatic pressure. A temperature vs
pressure phase diagram was compiled in both cases and, a three-dimensional magnetic phase diagram tem-
perature vs crystalline lattice parameters was established employing a linear approximation. A triple line was
obtained which separates paramagnetic, ferromagnetic, and helical antiferromagnetic phases. The temperature
range where the helical antiferromagnetic phase exists is a nonlinear function of the strain. The complex
magnetic states observed for Tb are interrelated with its band structure and Fermi surface shape.
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I. INTRODUCTION

Heavy rare-earth hexagonal close packed (hcp) metals are
examples of solids in which fine structures of the Fermi sur-
face (FS) directly determine the type of the magnetic struc-
ture. The various forms of magnetic order, i.e., helical,
sinusoidal, cycloid, fan, etc., occur under different
circumstances.! The characteristics common to all these
complex structures is a magnetic wave vector g which is
about an order of magnitude smaller than the Brillouine zone
size, always directing along the hexagonal c axis.

More than 30 years ago Keeton er al.> suggested nesting
features of the Fermi surface to determine the wave vector
via mechanisms proposed for chromium.? According to this
hypothesis, the magnetic wave vector ¢ equals exactly a cer-
tain extreme diameter of the FS. This diameter was supposed
to be the diameter of the so-called webbing feature in the L
point of the Brillouin zone (see Refs. 4 and 5 for a detailed
description). Within this approach, those rare-earth metals
exhibiting webbing features in the FS order magnetically in a
complex periodic structure. In contrast, rare-earth metals
without webbing features in the FS order in a simple ferro-
magnetic structure. This concept is now commonly accepted.
The discrepancy stated in Ref. 6 will be addressed separately.

Previously we pointed out that such webbing features are
highly sensitive to minor elastic deformations.” In particular,
a webbing feature can be created or eliminated by a proper
variation of the crystalline lattice parameters that should be
reflected by a respective change of the magnetic structure.
This behavior is evident from general features of the band
structure of these metals (see below). Moreover, we pro-
posed a change of the type of magnetic ordering under
proper elastic deformation due to qualitative changes of the
FS shape driven by strain. When pressure is applied along
the hexagonal axis, uniaxial compression enforces and
uniaxial tension suppresses (up to a complete elimination)
the complex periodic magnetic structure.

Later conclusions were supported by experiments®? dem-
onstrating that the type of magnetic ordering might actually
be changed by elastic uniaxial tension or compression. In
particular, the helical antiferromagnetic phase of Tb is com-
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pletely suppressed by uniaxial tension as low as 680 bar in
favor of a simple ferromagnetic phase.’ The respective mag-
netic phase diagram temperature vs uniaxial tension ap-
peared to be essentially nonlinear in tension. The tempera-
ture range where helical magnetic order occurs was found
to depend on the uniaxial tension p, according to the
«(p,—p,)'"? law; the critical value p, corresponds to the ten-
sion sufficient to eliminate the helical phase. The authors of
Ref. 9 associated this critical tension with the supposed re-
moval of the webbing feature under strain.

Thus, it might be fruitful to extend the study of this phe-
nomenon using hydrostatic pressure. These two limiting
cases, ultimately anisotropic uniaxial pressure on the one
hand and isotropic hydrostatic pressure on the other might
highlight the effect of the FS shape on magnetic ordering.

In a first approximation, the shape of the FS is dictated by
the number of conduction electrons and by the geometry of
the unit cell, but not by its actual size. A size dependence
occurs only in higher order approximations; the reason is that
the Brillouine zone volume always corresponds to the two
free electrons per unit cell regardless of the true size of the
zone. The geometry of the unit cell in the hcp structure, the
hexahedral prism, is reduced to the c/a ratio of the crystal-
line lattice parameters i.e., the aspect ratio of the unit cell and
the Brillouine zone. This ratio is thus a principal parameter
specifying the FS shape of a given hcp metal. Variations of
the unit cell size not affecting the c/a ratio should have a
much smaller effect.

In terms of pressure this means that uniaxial pressure
changing the c¢/a ratio should affect the FS shape and hence
the magnetic structure most intensely, while isotropic pres-
sure is expected to have significantly smaller effects. A com-
bination of these techniques thus gives the opportunity to
refine the effect of the crystalline lattice on the magnetic
structure and to highlight the role of the FS. We will be also
able to establish a three-dimensional (3D) temperature vs
crystalline lattice parameters magnetic phase diagram.

II. EXPERIMENT

Single crystalline terbium was studied by means of resis-
tivity measurements under hydrostatic pressure and suscep-

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.132408

BRIEF REPORTS

Mutual inductance [arb. units]

dseOIOUL aunssord

T T T
200 210 220 230 240
T [K]

FIG. 1. Set of temperature dependencies of the mutual induc-
tance, proportional to magnetic susceptibility y(7), under uniaxial
compression along the ¢ axis. Curves shifted vertically for clarity,
onsets omitted. Pressures from top to bottom: 0, 120, 240, 360, 470,
590, 710, 830, 940, and 1060 bar. The arrows mark 7y, the mag-
netic ordering temperature, and 7, the temperature when the
sample converts to the ferromagnetic phase, dashed curves are
guides to eye. Abbreviations: PM, paramagnetic; HAFM, helical
antiferromagnetic; and FM, simple ferromagnetic phases.

tibility measurements under uniaxial pressure. The latter ex-
periment extends studies made in Ref. 9 under uniaxial
tension. Elemental terbium was already investigated under
hydrostatic pressure!!~!* and under uniaxial compression.'*
Nevertheless we carried out measurements employing both
techniques on the same material used in Ref. 9 in order to
obtain reliable results. All Tb samples were cut by spark
erosion from the single-crystalline specimen employed by
Ref. 9.

A sample with dimensions 1.50X0.45X0.60 mm® was
used for uniaxial measurements, pressure was applied along
the hexagonal ¢ axis. Technical details are given in Ref. 8.
The magnetic state of the sample was examined in terms of
magnetic susceptibility y via an ac mutual inductance tech-
nique. The ac magnetic field was applied perpendicular to the
¢ axis. Temperature dependent susceptibility x(7) was ob-
tained on slowly cooling the sample in N, atmosphere.

A piston-cylinder cell with a Teflon cap and a paraffin
mixture as pressure transmitting medium served to generate
hydrostatic pressure up to about 16 kbar. The absolute values
of pressure were determined from the superconducting tran-
sition temperature of lead.! A standard dc four-probe
method was employed to obtain the temperature dependent
resistivity on a sample with dimensions 0.5X 0.5 X3 mm?,
current was applied along the ¢ axis.

III. RESULTS

The temperature dependent magnetic susceptibility x(7)
of Tb for various values of uniaxial compression is presented
in Fig. 1. Distinct anomalies in y(7) separate the paramag-
netic, helical antiferromagnetic (AFM), and ferromagnetic
states. The transition temperatures, marked by arrows, were
obtained within an accuracy of +0.5 K for Néel temperature
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FIG. 2. Set of temperature dependencies of the resistivity mea-
sured in the basal plane under hydrostatic pressure. Curves shifted
vertically for clarity. Pressures from bottom to top: 0, 4, 7.5, and
12 kbar. Arrows mark Ty, the magnetic ordering temperature, and
T,, the temperature when the sample converts to the ferromagnetic
phase. Abbreviations: PM, paramagnetic; HAFM, helical antiferro-
magnetic; and FM, simple ferromagnetic phases.

Ty and =1 K for T where the sample converts to the simple
ferromagnetic phase. To obtain Ty values, we used the com-
mon approach where this position is derived by the intersec-
tion of the two tangents drawn below and above the curva-
ture associated with the transition. The temperature range
where helical order occurs broadens with increasing pres-
sure.

The temperature dependent resistivity R(7) of Tb as a
function of hydrostatic compression is shown in Fig. 2. The
transitions at 7y and T are accompanied by characteristic
kinks, marked by arrows. The temperature range where heli-
cal order occurs also broadens under increasing hydrostatic
pressure.

The dependencies of the magnetic phase transition tem-
peratures on uniaxial pressure p, are presented in Fig. 3(a),
together with data obtained under uniaxial tension® (hereaf-
ter, positive pressure always means compression and nega-
tive pressure is associated with tension). The data corre-
sponding to these two independent experiments are in good
agreement, supporting the results observed in the present
study. A nonlinear dependence of T,(p,) is obvious, in con-
trast to the dependence of Ty(p,) that does not exhibit non-
linearity within the experimental accuracy. The dashed curve
is a square-root fit. Abbreviations denote as follows: PM,
paramagnetic; HAFM, helical antiferromagnetic; and FM,
ferromagnetic phases. The dependencies of temperatures 7y
and 7| on hydrostatic pressure p,, with an accuracy of +1 K,
are presented in Fig. 3(b). Note the different horizontal
scales in Figs. 3(a) and 3(b).

IV. DISCUSSION

According to the above theory the transition temperatures
Ty and T, are governed by different mechanisms. The mag-
netic ordering temperature T, proportional to the
Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange energy,
is smoothly and almost linearly dependent on pressure. The
experimental data reveal a fairly linear pressure dependence
of the Néel temperature for both kinds of pressure; see the
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FIG. 3. Tb magnetic phase diagrams under uniaxial tension and
compression (a) and hydrostatic pressure (b) note the different pres-
sure scales. Squares, Néel temperature 7, under tension when open
and under compression when solid. Circles, temperature of conver-
sion to the ferromagnetic phase 7, under tension when open and
under compression when solid. Abbreviations: PM, paramagnetic;
HAFM, helical antiferromagnetic; FM, simple ferromagnetic
phases. Vertical dotted line: arrows mark the range where helical
ordering occurs, equal for (a) and (b) plots. Vertical dashed line
marks magnetic triple points [suggestion for the plot (b)].

linear fits in Figs. 3(a) and 3(b). The slopes are dTy/dp,=
—1.23 K/kbar and dTy/dp,=—-1.04 K/kbar for uniaxial and
hydrostatic pressure, respectively. The values of these coef-
ficients obtained in Ref. 14 are —1.30 in former and
—0.84 K/kbar in latter case. Inspecting Ref. 12 yields values
between —0.76 and —1.07 K/kbar for dTy/dp,,. Thus, the fig-
ures derived in the present investigation agree well with re-
sults of previous studies.

In contrast, the temperature range AT=Ty—T;, where he-
lical ordering occurs, depends primarily on nesting proper-
ties of the FS. As a consequence, a nonlinear, square root-
like dependence on pressure can be expected. Actually, such
a square root dependence is evident for the case of uniaxial
pressure [dashed curve, Fig. 3(a)]. In the case of hydrostatic
pressure [Fig. 3(b)], this dependence [dashed curve, Fig.
3(b)] is also consistent with the experimental data.

Uniaxial pressure is expected to have the greatest impact
on the FS and hence on the type of magnetic ordering, while
isotropic hydrostatic pressure should only be of minor impor-
tance. The present experiments reveal that uniaxial pressure
affects the AT range almost four times stronger than hydro-
static pressure. It qualitatively supports the role of the FS in
magnetic ordering.

In Figs. 3(a) and 3(b) the two pressure scales are adjusted
in such a manner that the temperature range AT is the same
in both figures on the any vertical section. The example is
indicated by the dashed vertical line. This presentation high-
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lights the critical pressure values for both cases (marked by
the dotted vertical line). The respectlve values for un1ax1a1
and hydrostatic pressure are pu —0.70 kbar and ph
=-2.9 kbar, corresponding to magnetic triple points where
paramagnetic, helical, and ferromagnetic phases match to-
gether.

Assuming a linear pressure dependence of the lattice
parameters a and c, the pressure derivative of the lattice
constants can be calculated using the elastic moduli
derived for Tb:' ¢,,=0.68, c,=0.25, c;3=0.21, and
c33=0.71X10"> dyn/cm?. The lattice parameters of Tb
at the Néel temperature and at ambient pressure are
also well known:® a=3.605 A, ¢=5.695A. With D
=(cy1+¢1p)e33—2c1,, one obtains:

Pressure Derivative

Expression Value, 107> A/kbar

Hydrostatic da  cy;—cp3 -3.15
dp, . D

pressure  de" " cy+cin=2ery ~5.08
dph— D

Uniaxial da  cg3 +1.32
dp, =D

pressure ﬁp_" C11+C12C -9.26
dp, D

The lattice parameters at the Néel temperature for each
particular value of pressure can then be calculated. It allows
both the phase diagrams obtained to merge into a single 3D
plot "temperature vs lattice parameters.” Each individual
pressure dependence then provides a certain section of this
plot. However, one has to keep in mind that the lattice pa-
rameters obtained are valid for the Néel temperature only,
not for the magnetically ordered phases where magnetoelas-
tic contributions to the lattice deformation cannot be esti-
mated.

As a principal result, substituting the critical pressures pu
and ph from Fig. 3, we obtain two triple points defining a
triple line within a linear approximation: (a=3.604 A
c=5.702 A, T=2325K) and (a=3.614 A, ¢=5710A,
T=234.2 K) for uniaxial and hydrostatic pressure, respec-
tively. In Fig. 4 a projection of the 3D phase diagram onto
the lattice parameter plane is presented. The projection of the
triple line (bold-dashed) presumably separates the two fea-
sible shapes of the FS, one with and the other one without
webbing features (see the sketches in Fig. 4). The position
and slope of this boundary provide valuable information on
the band structure of Tb.

The range AT where the helical magnetic structure occurs
was found to be a function of only a single parameter, i.e.,
any translation along this triple line does not affect the width
of this range. This is, however, a trivial fact from geometry.
In other words, if the 3D plot temperature vs lattice constants
is viewed along the triple line obtained above, the two sec-
tions, provided by uniaxial and hydrostatic pressure, appear
to coincide. This view in an axonometric projection (no per-
spective effects) is presented in Fig. 5. The bold lines corre-
spond to the same fits as in Figs. 3(a) and 3(b) for both cases
revealing clear coincidence.
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FIG. 4. Crystallomagnetic phase diagram for Tb. Solid circle,
Tb under ambient pressure and Néel temperature. Straight arrows
indicate the dependence of the lattice parameters on uniaxial and
hydrostatic compression. Open circles correspond to magnetic triple
points under uniaxial and hydrostatic compression, respectively.
Dashed lines show the lines where the c¢/a ratio is constant as a
reference (ratios indicated on the lines); the bold dashed line is a
triple line, defined by two triple points, that separates the ranges of
ferromagnetic (FM), and helical antiferromagnetic (HAFM) order-
ing. Insets: the two feasible shapes of the Fermi surface (double
zone presentation), presumably separated by the triple line.

V. CONCLUSIONS

The most important result of the present study is the ob-
servation of uniaxial pressure affecting helical ordering in
terbium several times more intensely than hydrostatic pres-
sure, whereas changes in magnetic ordering temperatures are
of the same order. These findings support the role of the FS
geometry for the formation of a periodic magnetic structure
in rare-earth metals.!

A crystallomagnetic phase diagram is derived for single
crystalline Tb comprising a linear approximation. A triple
line, where paramagnetic, helical, and ferromagnetic phases
match together was drafted. This line is also expected to
separate the two feasible shapes of the Fermi surface: that
with webbing features responsible for magnetic nesting, and
that without such a FS shape. This result provides new infor-
mation on the electronic structure of Tb and allows qualita-
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FIG. 5. (Color online) 3D crystallomagnetic phase diagram for
Tb viewed along the triple line (see text). Its projection on the
c-a plane is shown in Fig. 4. Solid circle, Tb under ambient pres-
sure and Néel temperature, open circles correspond to the magnetic
triple points under uniaxial and hydrostatic compression, respec-
tively. Dashed lines mark the projections on the horizontal plane,
bold dashed line marks the projection of the triple line. Abbrevia-
tions: PM, paramagnetic; HAFM, helical antiferromagnetic; FM,
simple ferromagnetic phases.

tive comparison with band structure calculations. It may also
be useful for studies of high stressed objects such as epitaxial
films.
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