|
/N The Design, Discovery, Growth and
Physical Properties of Novel

Intermetallic Compounds

CHARACTERIZATION

Paul C. Canfield

Distinguished Professor,
Department of Physics

Senior Physicist, Ames Laboratory

Iowa State University

2"d European School in Material Science,
May 21-26 2007 Ljubljana, Slovenia




/N

In this lecture we will review basic types measurements:

Resistivity, p
Specific heat, C;
Magnetization, M, and magnetic susceptibility, ¥x.

and how to use them for the identification of basic phase transitions and
ground states such as:

Antiferromagnetic
Ferromagentic
Superconductor
Metal-to-Insulator
Charge Density Wave
Meta-magnetic

We will use contemporary compounds and review published data.
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/,\ Resistivity / Resistance

We can look at this in two simple ways:

o = ne2t/m p=1/o

In this case we can make inferences about nand / or 1

Another, slightly more sophisticated formula is the Kubo formula:

o = (1/412)(e?/3h) JAdS; (which is basically an integral of the electronic
mean free path, A, over the Fermi surface)

NOTE: the measured electrical resistivity will contain an impurity scattering
term, p, which appears additively. This is often associated with chemical
impurities as well as a variety of structural defects.

R = pl/A

Care in measuring AV, I, |
and A is, of course, needed
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/g\ Resistivity / Resistance =

For a simple metal the resistivity f

can often be modeled by: =
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The residual resistivity ratio: RRR, ] LaAgSb, =

is @ measure of how defect free . i L H =
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/:\ Resistivity / Resistance

can be done by judicious annealing of the sam

.r’
£

Superconductivity
IS easy to spot in
p(T) data since it
manifests as a
sudden drop in p
to zero.

If the defect density of a compound can
be controlled then p, (and therefore A) can be systematically
changed, leading to a constant off-set in resistivity curves. This
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Resistivity measurements can be
used to learn about the
superconducting state, for
example in MgB,.

Resistivity / Resistance

p(T,H) data can be used to
delineate the superconducting /
normal phase boundary: H_(T).

It is important to clearly state
the criterion or criteria used to
determine a transition point. In
this case we illustrated the effect
of using an onset, mid-point, and
off-set criterion.
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Resistivity / Resistance 25|

Effects of local moments,

ordered as well as disordered.
15+

p (nQ2 cm)

P, decreases with increased order.
Structurally this means less defects.
The conduction electrons can also
couple to localized magnetic
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Loss of spin disorder scattering can be seen in high RRR samples as well as in

low RRR samples, but it does get harder and harder to see as p, increases
(RRR approaches unity).
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/;\ Resistivity / Resistance

Multiple transitions can be easily detected and identified: In this case we
have a rare example of T, ~ 10 K with the loss of spin disorder scattering,
followed at lower temperatures by T, ~ 6K and a total loss of resistivity.
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Resistivity is also very sensitive to changes in the Fermi Surface:
Kubo formula: o = (1/41@)(e?/3h)JAdS:

This can be seen in CDW (and SDW) transitions, where nested parts of
the Fermi surface become gapped below T.p,,. This leads to an decrease
in 0 due to a decrease S;. For a partial gapping of the F.S. the sample
remains metallic and ultimately returns to p(T) with positive slope.
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resistivity becomes infinite. Kubo formula:

to zero:

Resistivity / Resistance

If the Fermi surface is fully gapped, St goes to zero, then the
o = (1/4m8)(e?/3n)JAdS;

Another way of thinking of this is that the number of carriers, n, goes

o= het/m

p=1/o

This is a metal-to-insulator transition and is seen in some CDW / SDW
systems as well as several 3-d transition metal oxide systems.
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/:\ Specific heat

In a non-magnetic sample, specific heat can
provide information about the electronic and
vibrational excitations modulo kgT.

At low temperatures the specific heat of a
metal can be modeled as

C, = yT + BT°

A plot of C/T versus T2 allows for the clean
separation of y and p.

In simple models y is proportional to N(Eg) or,
alternately, the electron mass, and 3 is
proportional to the Debye temperature and
the characteristic frequency of lattice
vibrations.

N
T

C (J/IK mol)
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Specific heat can also be used to locate
and characterize phase transitions. As
seen earlier, we can suppress T, with an
applied field, so the C, feature can be
more clearly seen via comparison to the
non-superconducting (in high applied

C, (J/mol*K)

|
Specific heat

magnetic field) compound.
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seen even more clearly (larger
entropy). Shown here are a
series of transitions in
antiferromagnetic DyAgGe.



/;\ Specific heat

C, (J/mol*K)

Specific heat is intimately related to entropy
J(C/T)dT =S

The means that we can determine how much
entropy is associated with a given state. For
magnetic systems we need to use the
magnetic C,. We often do this by subtracting
off the C,(T) data from a non-magnetic
analogue (e.g. LuAgGe from TmAgGe).
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/:\ Specific heat

Given the Hund’s rule, groundstate multiplet J we would expect

R*In(2] + 1) entropy associated with the magnetic state. This is
what we find for Gd: (S=7/2,L=0and ] =7/2) AS ~ R In(8).
For other rare earths the spin-orbit coupling give rise to

crystalline electric field (CEF) splitting.
e.g.: Ce (J =5/2) in cubic point symmetry

This can be seen in the C,
as a Schottky anomaly.
This is clearly shown at the
right in PrAgSb,. This is
modeled as a two level
system.

C, (J/imol K)

exp (A/T)
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/:\ Specific heat

The electronic specific heat can be used as a measure of the
electron effective mass, based on the free electron result of

y = (1%/3)*kg?T *N(E) = kg?T *(mk:/30?)

12

Heavy Fermions are 107
compounds with
exceptionally high sl
values of yfor T < T, < |
the Kondo temperature. E

=

o

Strictly speaking, they are
defined as compounds with

vy > 400 mJ/mol-K2, about 400 2

times the value of y for Cu.

Large y means large electron  ol&2

mass, ergo, heavy fermion.
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A\ Magnetic susceptibility

For pgH / kgT << 1 the magnetization of a paramagnetic, local moment
system is linear in H. For such low H, x = M(T) / H.

Note: gross energy scales: (1T)*(1pg) ~ (kg)*(1 K)

2.5 — L e P QAo s
Data taken on 50 _ 2
paramagnetic T 1
T > 10 K) £ 15} 2
y i ]
ES: -
s 1.0F -

Magnetic Field (kG)
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| Magnetic susceptibility

Curie Weiss Law: The temperature dependence of the magnetic
susceptibility in the paramagnetic state is given by:

x=[C/(T - 8)] + X

C = Npesr*Hg?®/3Ks
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Xo = roughly temperature independent term that
is the sum of core diamagnetism, Pauli
paramagnetism and Landau diamagnetism

Note: Gd is isotropic since L = 0

means no CEF splitting.
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A\ ' Magnetic susceptibility
The rare earth series offers a 14 position knob for tuning magnetism.
By controlling S, L, J as well as point symmetry (CEF) we can get a
wide variety of magnetic properties: [ M. @Nd anisotropy.
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/;\ Magnetic susceptibility

Table 1 Effective magneton numbers p for trivalent lanthanide group ions
(Near room temperature)

Kittel, Introduction to Solid State physics 4th edition

calc) = e
Ion Configuration Basic level g;FJ( (J +)I 1)] } apgl(*ﬂxx}:lnz;.te
Cest 4f 1532p6 2F5;2 2.54 2.4
Pr3+ 4f25s2pb 3H,4 3.58 3.5
Nd3* 4f 3552pb 4lg,9 3.62 3.5
Pm3+ 4f 4552pb 514 2.68 —
Sms3*t 4f55.5‘2p6 ﬁHﬁ,—"Q 0.84 1.5
Fu3t 4f65s2pb Fo ) 3.4
Gd3+ 4f7532p6 857;2 794 8.0
Tbh3+ 4f 85s2pb Fg 9.72 9.5
Dy3+ 4f95s2pb SHys,9 10.63 10.6
Ho3* 4f 10552p6 o5 10.60 104
Er3+ 4f 115526 His/2 9.59 9.5
Tm3t 4f 12552p6 3Hg 7.57 7.3
Yb3+ 4f 13552pb 2F7 /0 4.54 4.5
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For R with finite L (i.e not Gd3* or Eu2*) there will be
CEF splitting that can give rise to significant
anisotropy. The degree of anisotropy will depend on
the R as well as the point symmetry it is in.

Joga oy png TS
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This anisotropy can be clearly seen in x1 as well as x plots.

o]
o
I

I

TbAngz 1 05 | I ; T=2K -
H =1 kOe - f I ]

o
— 0© =
3 ] i 5 i A OO o s
£ 0O 5 10 15 20 0°° E o3} of et A
= temperature (K) o 13 30 0 10 20 30 40 50 B0
g E H (+G)
s 20 1 x o2t -
T | =
© Hlic
10 B 01k + Hil(ab)
[ ﬁ 799900000000000 ]
G L 1 L 1 i 1 L 1 i 1 n 1 n DO A 1 n | " 1 1
0 50 100 150 200 250 300 35 0 100 200 300

QL =EC(666]) SOT SIPLIPIN 2USPIN pUb wsijausppy fo jmemoy |

(a) temperature (K) (a) T (K)

—L

cs



|
Magnetic susceptibility
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In addition allowing for evaluation of p
and 06 the magnetic susceptibility can be
used to determine the antiferromagnetic
ordering temperature, T,. Although it is

tempting to simply take the temperature of

the maximum ¥ value, this only gives a

rough estimate. Near Ty, d(xT)/dT has the

same temperature dependence as C,, so
the temperature of the maximum in
d(xT)/dT is considered a more reliable
criterion for determination of T,.

M. Fisher, Philos. Mag. 7 (1962) 1731.
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R A Ribeiro et al | Jowrnal of Magnetism and Magnetic Materials 267 (2003 ) 216-223
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/:\ ' A detour back to resistivity for a moment

dp/dT can also show similar temperature dependencies near T,, but only for a
limited number of transitions. In general though, dp/dT can be used as a
criterion for Ty or T, but this will depend on the noise level of the data.

M. E. Fisher, J. S. Langer, Philos. Mag., 7 (1962) 1731.
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Ferromagnetic transitions

The transition to the ferromagnetic
state is conspicuous, but the actual
T value is hard to extract from the
M(T) data. (It can actually be much
clearer in the C,(T) or p(T) data.)

One way of estimating T, from
magnetization data is to plot M(H)
isotherms as an “Arrot Plot”: M? vs,
H/M. The data linearly go through
the origin when T ~ T..

Grossly this is similar to seeing
when a spontaneous magnetization
appears in low field.

MIH, C,,p(T)/p (300 K) (arb. units)

o
mowm | 1 1

2 3
HIM (kOe/p,)

N
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' Magnetic susceptibility

Using susceptibility, detailed
information about R-series can be
determined. These information,

combined with resistivity and
specific heat data can often provide
enough insight for choosing
samples for specific purposes (Ising
spin-glass, metamagnetism, etc.).

Table 2

H/M (mol/emu)

1 I | 1 1 1 |

0 2 4 6 8 101214

temperature (K)

H=1kOe
O
O -

(a)

50 100 150

1
200

temperature (K)

1
250

1 "
300 350

Magnetic properties of the RAgSh,; compounds. Uncertainties reflect experimental limits and in the case of Ty include any variation
between magnetic susceptibility and resistivity data. Crystalline electric field parameters (x;, <r*>) are from Ref. [29]

Compound T (K) Lige (L) f... (K 0, (K) (0, (K) BY (K) rfvad) wyx 100 AY(£0.3)
(£01K) (+£01K) (£02K) (+02K) (+02K) (+03K)

CeAgSh, 9.6 2.3 16.8 - 279 346 6.5 1.200 — 5.7 — 1.0

PrAgSh; 2.8 3.6 - 72 —48.5 — 6.3 1.8 1.O8G — 1.05 — 1.6

NdAgSh; 2.9 3.6 —14.2 — 453 — 4.0 1.4 1.001 — 0.643 — 2.2

SmAgSh; 8.7 0.883 413

GdAgsh; 12.8 7.9 — 320 — 320 — 320

ThAgSh, 11.0 10.2 —414 — 125 — 190 2.1 0.758 — 1.01 — 28

DyvAgSh, 94 10.3 — 10.1 — B6.3 7.1 1.2 0.726 — 0635 =27

HoAgSh, 5.4 10.1 - 1.7 —39.5 9.2 0.6 0.695 — 0222 —37

ErAgSh, 3.5 9.1 — 2.2 9.8 — 146 — 0.3 0.666 0254 —1.9

TmAgSh, ~ 1.8 6.6 09405 53405 —44405 —194+07 0.640 1.01 — 30407
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We have now seen how p(T), C,(T), and x(T) can be used to determine
magnetic ordering temperatures (as well as many other useful parameters).
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What about multiple transitions?



/'\ Multiple transition temperatures

I S _ HoNi,B,C has a cascade of magnetic
HoNi,B,C transitions (AF) between 6 and 5 K.
! They are clear in both C, and x data.
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/'\ Multiple transitions in

M (pB/Tb)

(a

temperature and field

When a magnetic field is
applied along the c-axis for
T<T, there are a cascade of
meta-magnetic (field
stabilized) phase transitions.
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Multiple transitions in temperature and field

M(H) and M(T) data can be used to construct a H-T phase

diagram that delineates regions of differing magnetic order.
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/:\ Multiple transitions in L CeSb RRR = 415)/’,/
temperature and field [
80 r a0+ ' ' I ' mﬁggm
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I
A\ Multiple transitions in
temperature and field

CeSb

These multiple transition
appear in finite field as well.
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Fig. 4. Magnetization as a function of applied field (. lefi-hand axis)
and resistivity as a function of applied field ( . night-hand axis) at 5
K
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/'\ Multiple transitions in s50F °
temperature and field
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be used to assemble an H-T phase 0 5
diagram of fantastic detail. This
system was studied extensively in
the 70’s and 80’s by several neutron 30T
scattering groups as well as serving
as the inspiration for the ANNNI
model. The precise origin of this
complexity is still an open question.
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I
A\ IWe have now seen several
other types of phase diagrams.
Not mapping out liquid and

solid,
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/:\ mapping out the

H, (T)

electronic / magnetic

phases.
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Phase diagrams can involve more
than applied field and temperature
(or composition and temperature).
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¢ Angular dependent effects L B f s !
04 E | jf Ez -
Recall that we found TbNi,Ge, to be Basl | F—"] | e |
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/:\ Angular dependent effects | F
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A\ Angular dependent effects

HoNi,B,C manifests a more
interesting anisotropy. Itis
tetragonal and has Ho in a
tetragonal point symmetry. At low
temperatures the local moment is
confined to the basal plane.

Until recently there was a
prejudice that if the local moment
was not Ising in nature, then it
would be x-y, meaning that there
would be no anisotropy in the
easy plane....We found a very
different situation: a 4-state clock
system: the moments only point
N, S, E, W; or up, down, right,
left; or along the four (110)
directions.
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/:\ | Angular dependent effects

The T < Ty M(H) data show clear, in-plane %
anisotropies with three metamagnetic =
transitions that vary with 6.
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Angular dependent effects T
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| Angular dependent effects ¢p=60—45
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| Angular dependent effects: H — 6 phase diagrams

These angular dependencies can be easily captured by assuming
that each state consists of a net distribution of highly anisotropic
moments along the four, in-plane easy axes.
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/o Summary

This lecture has reviewed how to map, identify and start to

describe regions of H-T (and in the end H-0) phase space with
three simple measurement techniques:

p(T,H,8),
Cp(TI Hle)l
M(T,H,0).

These technigues combined with the ability to design,

discovery, and grow novel compounds opens the way to
the discovery and description of novel physics.
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/o What else can we do? (part 1)

More advanced data with basically the same measurements:
Magneto-transport
p(H) and Kohler’s rule
Hall efffect
Quantum oscillations
dHVA measurements in M(H)

SdH measurements in p(H)

Other measurements that are basic and useful:
Thermoelectric power

Thermal Conductivity
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/o What else can we do? (part2)

Extremes that help us learn more by changing energy ratios.

Low T: down to 1.5 K, down to 0.3 K, down to 0.03 K. Each gets harder and
more expensive.

High d.c. magnetic field: 5T, 10T, 15T, 20 T. Each step doubles cost (or
more)

Pulsed magnetic fields: 30T, 60T, 90 T

Extremes help us learn more by controllably perturbing the sample:

Pressure: use of hydrostatic pressure to tune compounds is clean and useful.
10 — 30 kbar is not too hard, 30 — 100 kbar is difficult, and greater than 100
kbar is very difficult. Resistivity under pressure is the easiest measurement.
Low pressure (~ 10 kbar) magnetic susceptibility, X, is not too hard either.

Some of these measurements can be done in your own lab, some with
friends, some at specialized facilities.






