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Figure 1a and 1b

Noise at 100 ms/point (1a) and 10 s/point (1b)
averaging. The observed noise is 119.5 nemu
and 13 nemu RMS, respectively, consistent with
our RMS noise specifications of 150 nemu and
15 nemu, respectively. Measurements are taken
with an empty sample holder.

Figure 2

1 min 25 s at 100 ms/point hysteresis loop for a
20 pemu CoPt bit-patterned magnetic media (thin
film) sample. The peak-to-peak noise in the data
is consistent with the RMS noise specification at
100 ms/point.

Typical Noise and Low Moment Measurement Results
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Figure 3

13 min 30 s at 1 s/point hysteresis loop for the

20 pemu CoPt bit-patterned magnetic media (thin
film) sample shown in figure 2. The peak-to-peak
noise in the data is consistent with the RMS noise
specification at 1 s/point. This shows that increasing
signal averaging improves signal-to-noise although at
the expense of increased measurement time.

Figure 4

Isothermal (IRM) and DC demagnetization (DCD)
remanence curves for the 20 pemu CoPt bit-
patterned magnetic media (thin film) sample shown
in figures 2 and 3. IRM is measured after the
application and removal of a field with the sample
initially demagnetized, and DCD is measured from
the saturated state by application of increasing
demagnetizing fields. Measurement of remanence
curves determines only the irreversible component
of magnetization and thus enables the phenomena
of switching to be deconvoluted from the
hysteresis measurement, which generally includes
a reversible component.

Figure 5

1 h 20 min at 500 ms/point measurement of 100 first-
order-reversal-curves (FORCs) for the 20 pemu CoPt bit-
patterned magnetic media (thin film) sample shown in
figures 2, 3, and 4. FORCs provide information regarding
magnetic interactions and coercivity distributions in
magnetic materials, information that cannot be obtained
from the hysteresis loop alone. In this series of FORCs
there are 8,816 points. The fast (1 T/s) field sweep
capability of the 8600 together with its high sensitivity
makes it possible to record FORCs in a fraction of the
time it takes in other magnetometer systems.



Figure 6

10 min 40 s at 1 s/point hysteresis loop for a

20 pemu perpendicular magnetic anisotropy
(PMA) thin film. The blue curve is the measured
data, which includes a diamagnetic component
due to both the sample holder and sample
substrate. The orange curve shows background
corrected results, which removes the diamagnetic
component yielding the hysteresis loop for the
film only.

Figure 7

14 min 18 s at 100 ms/point and at 5 mOe field
steps for a 40 pemu NiFe (3 nm) thin film. This
demonstrates the ability of the 8600 to measure
low moment magnetically soft (low coercivity)
materials with high precision.

Figure 8

28 min at 2 s/point hysteresis loop for a <2 pemu
synthetic antiferromagnetic thin film [Ta (2.5 nm)/
Ru (5 nm)/Co (5 nm)/Ru (0.8 nm)/Co (5 nm)/

Cu (6 nm)/Co (5 nm)/Ru (1.4 nm)/Co (10 nm)/Ta
(5 nm)].
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Figure 9

Comparison of 8600 VSM (2 s/point) and AGM
(100 ms/point) results for the <2 pemu synthetic
antiferromagnetic thin film [Ta (2.5 nm)/

Ru (5 nm)/Co (5 nm)/Ru (0.8 nm)/Co (5 nm)/

Cu (6 nm)/Co (5 nm)/Ru (1.4 nm)/Co (10 nm)/

Ta (5 nm)] shown in figure 8. Note that while

the signal-to-noise are comparable in both
measurements, the AGM data were recorded in
1/20th the time (1.4 min).

Figure 10

5.5 h at 10 s/point FORC (N = 50) for the

<2 pemu synthetic antiferromagnetic thin film
[Ta (2.5 nm)/Ru (5 nm)/Co (5 nm)/Ru (0.8 nm)/
Co (5 nm)/Cu (6 nm)/Co (5 nm)/Ru (1.4 nm)/

Co (10 nm)/Ta (5 nm)] shown in figures 8 and 9.



Figure 1

14 s hysteresis loop measurement
(802 points, 10 ms/point) for a magnetic tape.

Figure 2

26 s hysteresis loop measurement

(2000 points, 10 ms/point) for a bilayer thin film.

Typical Fast Hysteresis and FORC Measurement Results
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Figure 3

3 min 30 s measurement of FORCs (N = 40,
1,376 points, 50 ms/point) for a magnetic tape.
The fast (1 T/s) field sweep capability of the 8600
together with its high sensitivity makes it possible
to record FORCs in a fraction of the time it takes
in other magnetometer systems.

Figure 4

4 min 30 s measurement of FORCs (N = 46,
2,014 points, 30 ms/point) for a magnetic stripe.
The fast (1 T/s) field sweep capability of the 8600
together with its high sensitivity makes it possible
to record FORCs in a fraction of the time it takes
in other magnetometer systems.



Figure 1

Hysteresis loop at 1 mOe steps for a low coercivity
Fe microwire. The jumps in the curve are due to
Barkhausen noise, which occurs when individual
magnetic domains spontaneously flip their
magnetization direction.

Figure 2
Hysteresis loop at 5 mOe steps for a NiFe thin film.

Typical Low Coercivity Measurement Results
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Figure 3

FORC (N = 100) for the NiFe thin film shown in
figure 2. This shows the ability of the 8600 to measure
FORCs on even very low coercivity materials.



Figure 1

Hysteresis loops versus angle for a spin-valve stack.
When the magnetic field is applied parallel to the
exchange bias field the loop is shifted towards the
right (positive field values). When applied anti-parallel
the loop is shifted towards the left (negative field
values). When applied perpendicular the loop is
centered at H = 0.

Figure 2

Hysteresis loop for a [FeNi/IrMn] spin-valve. The extra
steps in both the descending and ascending branches
of the magnetization curve in the 3rd quadrant are
related to microstructural defects/roughness of the

antiferromagnetic (AFM)/ferromagnetic (FM) interfaces.
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Typical Magnetic Multilayer Measurement Results
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0.003

0.002 Figure 3

FORC (N = 151) for the [FeNi/IrMn] spin-valve shown
in figure 2.
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Typical Variable Temperature Results

20
Figure 1 15
Hysteresis loops at 100, 200 and 300 K (SSVT) for a 10
core Fe;0, (10 nm)/shell CoO (3 nm) exchange-coupled
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Figure 3

High temperature (oven) hysteresis loops at 25, 200,
400, 600 and 800 °C for Fe-doped (0.5%) MnCo
—25°C nanoparticles (NPs). As the temperature increases the
——9200 °C saturation magnetization (M), remanence (M,) and
— / coercivity (Hc) decrease. The temperature at which a
——400°C magnetic material transitions from a ferromagnetic
600 °C (FM) to a paramagnetic (PM) state is called the Curie
——800 °C temperature Te, this material is paramagnetic at
800 °C, which is >T¢ye.
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Figure 4

High temperature (oven) M_(T) for Fe-doped (1%) MnCo
nanoparticles (NPS). T¢y for this material is ~925 °C
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Figure 5

Low temperature zero-field-cooled (ZFC)/field-cooled
(FC) curves for the Fe;0, core (10 nm)/Co0 shell (3
nm) nanoparticles (NPs) shown in figure 1. The peak in
the ZFC curve at each applied field corresponds to the
Blocking temperature Tg. In the 8600 SSVT option with
705 gas controller and 336 temperature controller,
measurements of this type are fully automated

from low (80 K) to high (950 K), and high to low
temperatures.

Figure 6

FORC (N = 60) at 120 K (SSVT) for a barium-
hexaferrite nanoparticle (NP) soft/hard exchange-
coupled permanent magnet. Exchange-coupled
magnets can reduce, and potentially eliminate rare-
earth constituents that are used in rare-earth magnets
(NdFeB, SmCo).

Figure 7

Hysteresis loop at 100 K (SSVT) for a 20 pemu CoPt
thin film. This shows that in the SSVT it is possible
to measure very low moment samples with good
signal-to-noise.
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Typical Rotation and Vector Measurement Results
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ROTATION AND VECTOR
Figure 1
M,(H) versus angle for a magnetic stripe.

ROTATION AND VECTOR
Figure 2

M,(H) versus angle for the magnetic stripe shown

in figure 1. The M,(H) and M,(H) loops at each angle
are recorded simultaneously, and the angle is varied
automatically (autorotation).

ROTATION AND VECTOR
Figure 3

M,(B) versus applied field for a magnetic stripe
exhibiting 2-fold anisotropy. This type of data can

be used to derive the torque curve and anisotropy
constant of an anisotropic material because the torque
density in dyne-cm is: 1(8) = M,(B)H,.
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ROTATION AND VECTOR
Figure 6

M,(H) versus angle for a low coercivity sputtered NiFe
thin film.

ROTATION AND VECTOR
Figure 7

M,(H) versus angle for the same low coercivity
sputtered NiFe thin film shown in figure 6.
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Typical Minor Loop Measurement Results
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Figure 1 0.006
Descending minor loops (N = 75) for a magnetic 0.004
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Figure 2 30

Low moment (30 pemu) ascending minor loops (N = 20
12) for a CoPt thin film. This data shows that minor
loop measurements for low moment samples with high
signal-to-noise are possible using the 8600 VSM.

Moment (pemu)
o

-4000 -2000 0 2000 4000
Field (Oe)

18 Lake Shore Cryotronics, Inc. | t. 614.891.2244 | info@lakeshore.com | wwuw.lakeshore.com



Magnetometry Measurements and
First-Order-Reversal-Curve (FORC)
Analysis
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Send us your sample!

Senior Scientist Brad Dodrill will test your
materials on our new 8600 Series VSM and send
you the results.

See for yourself how sensitive (15 nemu RMS
noise floor) and fast (10 ms/pt) the 8600 Series
vibrating sample magnetometers are.

Go to www.lakeshorecryotronics.com/
8600-sample-measurement-request

and Brad will contact you about your samples
and give you instructions on how to

send them to him.

8600 Series VSM Measurement Results

Learn more about FORC. Get our new ebook.

First-order-reversal-curve (FORC) measurements provide far more information than a
simple hysteresis loop. They have become indispensable for characterizing interactions
and coercivity distributions in a wide array of magnetic materials.

To explore how this elegant material measurement and characterization tool can benefit
your magnetics research, submit your info and receive our new, 36-page ebook today.

The ebook discusses FORC theory and presents measurement results for:

| Nanoparticle-based nanocomposites
| Permanent magnets
| Multi-phase ferrite magnets

| Various other materials

Go to www.lakeshore.com/FORC to download the ebook
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