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Ferromagnetic materials under high pressure in a diamond-anvil cell:
A magnetic study”
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A magnetic-parameter measurement system for study of ferromagnetic materials under high pressure using a diamond-
anvil cell is built. The factors affecting the measurement sensitivity are analyzed and the possibility of improving the
sensitivity is mentioned. Based on the system, the magnetization curves of iron as a function of pressure are obtained. The
start point and end point of pressure-induced magnetic transition of iron are observed at room temperature.
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1. Introduction

Recently, the study of physical properties of materials
under high pressure is an active research field. With the in-
crease of pressure, the distance between the atoms of materials
changes markedly, and sometimes materials undergo a phase
transition.!!! The diamond-anvil cell (DAC) is the most pow-
erful and pervasive high-pressure device. It helps researchers
discover many novel phenomena concerning the behavior of
materials under high pressure.”>#! The research into the mag-
netic properties of materials using DACs is generally based
on the inductive method to measure alternating current (AC)
susceptibility, while some laboratories have developed various

[5-111 We have built a sys-

techniques and built diverse systems.
tem to measure the magnetic transition of ferromagnetic mate-
rials. Our previous experiments obtained the variation curves
of the magnetic susceptibility of iron, and the a@ — € phase
transition of iron at room temperature is verified./!!!
Ferromagnetic materials have unique magnetic proper-
ties that not only show a high susceptibility but also dis-
play hysteresis under an external applied magnetic field.
As a typical ferromagnetic material, iron has at least six

[12

phases at high pressure and temperature,!!?! and there are

two stable phases at room temperature: ¢-iron (bcc) and
g-iron (hcp). Normally a-iron transforms to €-iron under
high pressure, and the pressure and properties of this tran-
sition have been researched through numerous theoretical
studies, 318 Mssbauer spectroscopy, ['%-2!! and synchrotron
radiation.>>-26 The transition appears above 10-13 GPa as
computed in the generalized gradient approximation.[!31517]

Mossbauer spectroscopy investigations at room temperate find
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that above 13 GPa a seventh line appears near the center of the
spectrum due to the phase transition, and the transition extends
to about 20 GPa.['%291 The data of X-ray absorption spec-
troscopy and X-ray circular dichroism give a narrower pres-
sure domain of the structural transition (2.4 + 0.2 GPa).[22:20]
The motion of iron particles at 16.9 GPa and 261 °C in re-
sponse to an external magnet suggests that hcp iron is either
paramagnetic or ferromagnetic.[?”]

Here we present our novel system to measure the magne-
tization curve of iron under high pressure. The shape of the
magnetization curve gives detailed information on the mag-
netic parameters and also shows the process of magnetiza-
tion. When pressure increases on ferromagnetic materials, the
shapes of magnetization curves measured under different pres-
sures reveal variations in saturation magnetization (M). The
data of this experiment verify the pressure and pressure do-
main of the a-iron to &-iron transition.

2. Design and theory

To measure the magnetization curves of iron under dif-
ferent pressures, a measurement system based on a DAC has
been built. The principle of the system is based on Faraday’s
law. Figure 1 is a schematic view of the system. The system
employs three coils, namely, the exciting coil, the pick-up coil
and the compensating coil whose specification is the same as
the pick-up coil, except in winding direction. The pick-up coil
is mounted above the diamond whose anvil is close to the sam-
ple and the compensating coil is placed parallel with it. The
exciting coil, which is driven by a voltage source to produce
an ac magnetic field, is fixed around the pick-up and compen-
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sating coils. The electromagnet applies a direct current (DC)
magnetic field whose direction parallels the axis of pick-up
coil. The pick-up coil and compensating coil are connected in
series and the output voltage is measured by a lock-in ampli-
fier (LIA).

Fig. 1. (color online) Schematic view of the measurement system: (1)
exciting coil; (2) pick-up coil; (3) compensation coil; (4) sample; (5)
voltage source; (6) electromagnet; (7) gauss meter; (8) lock-in ampli-
fier; and (9) computer.

Limited by the experimental conditions, the diameter of
the high-pressure sample is less than 150 pm, leading to a poor
signal-noise ratio. To measure the magnetization curve, it is
necessary to analyze the factors affecting the output voltage
of the sample to improve the measurement sensitivity. Con-
sidering the situation shown in Fig. 2, the Cartesian coordi-
nate system o—XYZ is a static system. The center of a single
layer pick-up coil is at Q (0, 0, &) and the coil is parallel to the
0-XY plane.

z
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Fig. 2. Cartesian coordinate system o-XYZ: (1) current loop m; (2)
pick-up coil.

In comparison to the pick-up coil, the size of the sample is
small enough, thus it can be equivalent to a current loop whose
magnetic moment is m, which depends on the shape, size and
properties of the sample and the applied magnetic field. The
center of this current loop is at o (0, 0, 0) and m has the identi-
cal direction with the Z axis. We assume that the AC magnetic
field H,. produced by the exciting coil and the external DC
magnetic field Hy. applied by the electromagnet are uniform.
Their directions are the same as m. For arbitrary point P(x, y,
z) on the pick-up coil, the magnetic induction B(P), produced
by m along the Z axis is
to 222 —x*—y?

B(P), =
(P) 4w (x2+y2+zz)5/2m

Z

where Ug is the magnetic permeability of vacuum. The defi-
nition of magnetization intensity is M =Y m/v. Therefore,
m = Mv = yH v, where v is the volume of the sample, J is
the magnetic susceptibility of the sample and H is the exter-
nal magnetic field around the sample. The effective magnetic
flux @ produced by m through the single pick-up coil can be

_Ho R*yv
(Pm—//B h2+R2)3/2H

where s and R are the area and the radius of the single-turn

given by

pick-up coil.

The magnetic moment m, H,., and H, impact the mag-
netic flux through the single turn pick-up coil so this magnetic
flux is

(Pm+//(I-LOHac+.uV0HdC)'dS

_ M Ry
T2 yr)

¢

(Hac +Hd0) +.u()7rR2(Hac +Hdc)~

If point P is on the n’-th turn of the pick-up coil, then R =
Ry, +n'D, where R;, is the inner radius of the pick-up coil
and D is the diameter of the copper wire. The magnetic flux
through the pick-up coil is

® =Y (Rut+n'D)’(H,

M=

=1

Ho xv
Hc A 2 )
Hae) ((h2 (Rin+n/D)2)3/2+ ”)

where N is the number of turns of pick-up coil.

3
Il

When a small AC magnetic field is superimposed on a
large DC magnetic field, the magnetization process does not
adhere to the magnetization curve but follows an incremental
loop whose center is the DC magnetic field. The slope of the
incremental loop AM/AH is called incremental susceptibility
Xinc Which depends on H,. and Hy.. If H, is small enough
relative to Hyc, Xinc relies only on Hyc, i.e,

p =2

When the exciting coil is driven by a sinusoidal voltage sig-
nal, H,. can be expressed as Hy=nisin(27 ft) over the sample
region, where 7 is the density of turns of the exciting coil, i is
the magnitude of the current through the exciting coil, and f
is the frequency of the AC current. On the basis of Faraday’s
law, the electromotive force of the pick-up coil can be directly
calculated by

N
V, = Z —27f ity (Rin-+1'D)” nicos(27 f1)

X-(HdC)V
X (n + Ine 72 > .
2(h? + (Rin+n'D)?)’
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The sample is so far from the compensating coil that the con-
tribution that the sample makes to the magnetic flux through
the compensating coil can be ignored. Apart from the sample,
the compensating coil and the pick-up coil should be located
in symmetric positions with respect to the exciting coil and ex-
ternal electromagnet. Therefore the electromotive force of the

compensating coil is

N
Ve=Y —27%fuo (Rintn'D)* nicos (2 f1).
n'=1
The output of the pick-up and compensating coil, V,, — V,, is
measured by LIA, whose operating frequency is f. The mag-
nitude of the output voltage of LIA is
Hye
vxi<ncd ) (l)
32"
(h2 + (Rin+n’D)2)

N
V=Y nfto(Run+n'D)’ni

n'=1

All the parameters which affect the output voltage are con-

stants in a built ideal system except xi(nIZ"C), which depends

onHy.. Therefore, the changes of the output voltage describe
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proportionally the changes of XiUZdC) at different Hyc( xi(n
V). The Hy. — xi(nlzd“> curve follows the same trend as the Hg.—
V curve. Because the measurement means is that Hy. is super-
imposed on Hyc, the reversible part of the magnetization My

can be calculated by
(o)
Mrev (H) = A Xinc “dH +Mrev (HO) .
0

This is an important parameter to gain the magnetization
curve.

As Eq. (1) shows, the magnitude of the output voltage is
affected by N, f, n, i, Rin, D, v, and the distance from the sam-
ple to the pick-up coil 4. The main sources of the noise are the
Johnson noise of the resistors of the coils, the asymmetry be-
tween the pick-up and the compensating coil, the mismatches
that happen occasionally when the resistance of exciting coil
is regarded as the output impedance of the voltage source and
the resistance of the pick-up and compensating coils is treated
as the input impedance of the LIA. As discussed below, it is
possible to increase the output signal.

Output voltage/arb. units

1000 1500

Rin/pm

0 500 2000

40

(d)

Output voltage/arb. units

15 1 1 1

1000 1500

h/pm

0 500 2000

Fig. 3. Output voltage as a function of parameters of the pick-up coil: (a) the number of turns of the pick-up coil, the inset is the
output voltage of n’-th turn of the pick-up coil; (b) the inner radius of the pick-up coil; (c) the diameter of the copper wire; and (d) the

distance from the sample to the pick-up coil.

(1) The four parameters relative to the pick-up coil (N, Rjy,
D, h) are independent of each other; hence, we assume the ini-

tial conditions are that N = 100, Ry, = 1000 pm, D = 50 pm,

h = 500 pwm, nf,uonivx(z“) = 1000. Figure 3 shows the

ing
curves of the output voltage when one of the four parameters

changes. When N is increased from 1 to 2000, the output volt-
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age raises significantly. However, the contribution made by the
increased coil to the output voltage is less when N is greater
than 300. The resistance of the pick-up coil is still propor-
tional to N, which then leads to increasing Johnson noise and
the mismatch between the resistance of the pick-up coil and
the input impedance of the LIA. Such a situation results in a
decrease of the signal-noise ratio. Hence, it is not useful to
improve the signal-noise ratio by increasing N injudiciously.
Figure 3(b) shows that the output voltage curve caused by the
change of the inner radius Rj, is not monotone. There is the
maximum output voltage at R;;, = 464 pm. While under the
restriction of the size of the diamond, it is difficult to achieve
the optimal size for R;, all the time. As is shown in Fig. 3(c),
the maximum output voltage exists at D = 17 wm and when
D is above 17 pum, the smaller the diameter D of the copper
wire is, the greater the output signal becomes. However, a
small diameter of the copper wire also could cause an increase
of the resistance of the pick-up coil. The output voltage de-
creases significantly, as the distance from the sample to the
pick-up coil increases (Fig. 3(d)) Therefore decreasing 4 is an
effective method to improve the output voltage, but it is im-
practical to reduce & unboundedly due to the limitation of the
diamond. The analysis of the four parameters that affect the
output voltage is only in theory, yet the reality is quite com-
plex. Generally the initial conditions are adopted according to
practical constraints, and then the parameters are adjusted by
Eq. (1) as a reference.

(ii) In fact, the compensating coil may not offset the back-
ground signal fully, so the output signal may also include some
residual background noise. The output voltage rises with the
increase of the density of turns of the exciting coil n. Reducing
the diameter of the copper wire of the exciting coil is the only
method to increase n; however at the same time the resistance
of the exciting coil increases quadratically. This results in the
Johnson noise of the exciting coil also increasing quadrati-
cally. When increasing the frequency of exciting current f and
the magnitude of the exciting current i, the background noise
also increases. Figure 4 shows the sample signal experimental
data and the sample-to-background signal ratio (STBR) curve
under different exciting frequencies and currents. To obtain an
obvious signal, a relatively big sample is selected. The output
voltage of the sample increases linearly with the increase of f
and i. However the STBR increases disproportionately.

(iii) Increasing the volume of the sample is the most ef-
fective means to improve the output voltage. However, the
size of the sample chamber of the DAC is too small to allow a

sample that is as big as we would prefer.

L (a)
0.12
.
gs]
g 0.08 | 1200
2 2 s00
£ E
50 0.04 2 a0
@ g
o
% 4 6 10
0 1 1 f/il()‘ IIZ 1
0 2 4 6 8 10
f/10% Hz
1.916
1.912
2
E
2 1.908
3
g
£ 1.904
.20
w0
1.900
r 0T 20 @0 e 0 1w
1896 1 1 I/HIIA 1
' 0 20 40 60 80 100
i/mA

Fig. 4. The STBR as a function of exciting frequency and current: (a)
the STBR under different exciting frequencies (sample signal shown in
the inset); (b) the STBR under different exciting currents (sample signal
shown in the inset).

3. Experimental results

The measurement system is based on a titanium alloy
DAC that can impose pressure less than 25 GPa. The num-
ber of the turns of the pick-up and compensating coils, made
with 40 um pure copper wire, is 250. The inner diameter and
the thickness of them are 1.5 mm and 0.5 mm. The 300-turn
exciting coil is made of constant enameled wires with a diam-
eter of 80 um, wound around the pick-up and compensating
coils. The inner diameter and the thickness of exciting coil are
10 mm and 1 mm. When a sinusoidal voltage of 5 V peak and
4.7 kHz frequency is applied to the exciting coil, it produces
a peak ac magnetic field of 1 Oe over the sample region. An
external magnetic field varying from —0.9 T to 0.9 T is pro-
duced by an electromagnetic. The iron sample is located in the
sample chamber whose size is about 140 ym wide and 70 um
deep, cut in a tungsten gasket. The output voltage is measured
by a SIGNAL RECOVERY Model 7265 lock-in amplifier.
The output voltage of the iron sample is about 5 uV while
the noise of LIA is about 0.01 V. The minimum size of the
sample that the measurement system can distinguish is about
25 x 25 x 70 um? and the output voltage of the minimum sam-
ple is 0.17 uV with 0.01 pV noise. Pressure is determined by
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the shift in the ruby R peak.”®! When pressure on the sample
increases, the sample cycles through external magnetic field
Hy. of £0.9 T to obtain Y, (P, Hy.) and the Hye—Yine (P,
Hyc) curve L (Fig. 5(a)). To avoid the interference of back-
ground noise, the Hy.—Xinc curve Ly (Fig. 5(a)) of the empty
gasket under the same condition is measured. Then curve L,
is subtracted from curve L; to obtain the curve L3 (Fig. 5(a)),
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Fig. 5. (color online) (a) The yjn. curve under different Hy. of sample
+ gasket (L), gasket (L) and sample (L3); (b) the integral of Ls.
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Fig. 6. (color online) P—Hg.—Yinc 3D image.

which characterizes the trend of ¥j,. as a function of Hy.. The
integral of curve L3 is the magnetization curve of iron sample
(Fig. 5(b)). The same steps are applied to the Hgc—Xjnc curve
under different pressures. Figure 6 shows the P—Hyc—Xinc 3D
image and figure 7 shows the magnetization curves. The other
two samples of different sizes are measured, and the results are
almost the same as that shown in Fig. 6, except the magnitudes

of Ainc-
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Fig. 7. (color online) Magnetization curves under different pressures
from O to 0.9 T Inset shows the magnetization curves under different
pressures from —0.9 Tto 0.9 T.

4. Discussion and conclusions

The saturation magnetizations under different pressures
are shown in Fig. 8. When pressures are below 11.5 GPa, the
shapes of the magnetization curves are almost the same, with
high Ms. From 11.5 GPa to 12.8 GPa, Ms decreases 30% and
Xinc at 12.8 GPa are less than that at 11.5 GPa, as Fig. 6 shows.
This implies that the sample undergoes a magnetic transition.
During the transition the bee and hep coexist. 26! Compared to
Ms at atmospheric pressure, Ms is reduced by 45% at 19.6 GPa
and it tends to reach a constant value above 19.6 GPa.
This signifies that the magnetic transition ends at 17.7—
19.6 GPa, and this transition occurs during an increment of
5-8 GPa. The trend of Ms is consistent with the abundance of

5.5 411.0
£ 5.0} 40.8
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0 =]
S 4.0} 10.4 g
3 ;
3.5F 10-2
—o— M\,
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Fig. 8. The saturation magnetization and the abundance of a-iron frac-
tion under different pressures. Open circle: Mg; filled circle: the abun-
dance of a-iron from Taylor ez al.?!]
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a-iron as a function of pressure, determined from Mossbauer
spectroscopy by Taylor et al.”?!! The iron exists in hcp state
above 16 GPa.l?>2%26] The data show that above 19.6 GPa
the sample also displays hysteresis, but the magnetic suscep-
tibility is about 45% less than the initial status at atmospheric
pressure. This suggests that hcp iron is either initially ferro-
magnetic or paramagnetic.
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