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Helena Schäfferera, Ryan Needb, Dustin Gilbertc, Thomas Saerbeckd, Jochen
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Abstract

Recently, the design and realization of a sputter-deposition system for in situ

and in operando polarized neutron reflectometry (PNR) was reported. The

device allows magnetic thin films and heterostructures to be grown, while the

sample remains aligned in the neutron beam for PNR. By now, it has been

applied in experiments that investigated the magnetic and structural properties

of thin Fe and Pd/Fe/Pd heterostructures as a function of the layer thickness.

Here, we report on significant upgrades of the deposition system with advanced

thin film growth and measurement capabilities. These include improvements to

the generation of the vacuum to realize ultra-high-vacuum (UHV) conditions.

A base pressure below 5 × 10−9 mbar can now be obtained within less than one

day of pumping time. To allow experiments over a wide range of temperatures,

the system was upgraded to include a cryo-furnace. It allows the sample to be
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cooled or heated in the range of 10 K to 1000 K for both applications, sample

growth and measurement. Further, a new magnetic coil setup with soft iron

yoke was designed which can realize a homogeneous in-plane magnetic field of

up to 300 mT and electric fields at the sample position.

Keywords: Thin films; Neutron reflectometry; Magnetism; Instrument;

Sputtering; Film deposition

1. Introduction1

Since the discovery of the giant magnetoresistance (GMR) effect [1, 2], mag-2

netic thin film heterostructures have conquered an indispensable realm in com-3

bining electronic and magnetic properties. Especially in recent years, novel4

approaches have been followed to couple the magnetic and electronic proper-5

ties of thin films for realizing advanced functionality in spintronic devices [3, 4].6

During its growth, the microstructure and morphology of a thin film, its sto-7

ichiometry and potential magnetic properties are defined. Dramatic changes8

typically occur at interfaces from one material to another and during the de-9

position of the first few layers [5, 6]. We have reported on the realization of10

a sputter deposition system for in situ and in operando polarized neutron re-11

flectometry (PNR) experiments, which enables the growth of thin films while12

the sample remains aligned in the neutron beam [7]. In contrast to previous13

reports on in situ or quasi in situ PNR facilities [8–10], it is the first deposi-14

tion setup which allows not only in situ, but also in operando polarized neutron15

reflectometry (in operando PNR) measurements to be performed.16

The general design of our system described in [7] incorporates a sputter17

deposition chamber. It initially only provided the basic requirements for the18

deposition processes and PNR measurements and is designed as a mobile sam-19

ple environment for various neutron beamlines. After initial proof-of-principle20

and feasibility tests, first scientific results have been obtained, e.g. on the topo-21

logical and magnetic structure of epitaxially layer-by-layer grown Fe [11, 12] and22

the coexistence of proximity effect and Dzyaloshinskii-Moriya Interaction at the23
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interface of Pd/Fe [13]. The experiments demonstrated the reliability and power24

of in situ PNR by, (i) confirming most of the known thickness-dependent mag-25

netic properties of thin Fe layers, and (ii) by uncovering unique characteristics26

that were previously not observed.27

While the in situ PNR setup described in [7] is well suited for the investi-28

gation of magnetic thin films at room temperature, the investigation of novel29

materials and material combinations requires an improved sample environment.30

In particular, the ability to reach not only high, but also low temperatures is31

fundamental for the study of many magnetic systems. Also the application of32

a variable magnetic field at the sample position during both deposition and33

PNR measurements is essential. As an example, thin films of oxides, such as34

Pb(Zr, Ti)O3, MgO or BaTiO3 need to be grown and annealed at high temper-35

atures of up to 1000 K in order to achieve their desired epitaxial morphology36

[14–17]. Most of their interesting magnetic and electromagnetic properties, how-37

ever, emerge only significantly below room temperature and under application38

of magnetic fields. Prime examples thereof are the ferromagnetic phase of EuO39

[18] or the skyrmion lattice phase of FeGe [19].40

Here, we report on upgrades of the in situ PNR chamber [7] which real-41

izes these capabilities. The main upgrades focus on the internal sample stage.42

During the course of the upgrade, the vacuum system of the chamber was also43

improved to ultra-high-vacuum (UHV) conditions. The low base pressure of <44

5 × 10−9 mbar now allows highly reactive materials like Dy or Eu [20, 21] to be45

grown in situ. UHV is also essential to prevent thin films of nearly any material46

from contamination by residual vacuum gas species during the PNR data acqui-47

sition, in particular if the sample is at very low temperatures at which sticking48

coefficients approach unity.49

One of the most limiting parameters for any upgrade of the deposition cham-50

ber is its maximum allowed size, which is defined by the space available at a51

neutron beamline. Although the deposition system was originally designed for52

the beamline REFSANS at MLZ, Garching, Germany, it is now mainly used53

at the AMOR beamline at PSI, Villigen, Switzerland, for two main reasons:54
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(i) AMOR is more open than REFSANS, allowing the installation of a larger55

and more protruding sample environment and (ii) the use of the Selene guide56

demonstrator [11, 22] with its focused beam allowed for footprint control with-57

out diaphragms within the vacuum chamber and it provided a flux gain on the58

sample of a factor 4 with respect to the conventional TOF mode [23]. Along59

with these upgrades, the layout of the chamber and the control software were60

optimized on the basis of experiences gained from operation.61

In the following, the implementation of a cryo-furnace (section 2), the up-62

grades to the vacuum system (section 3), improvements of the internal magnetic63

field system (section 4), the control software (section 5) as well as further minor64

technical improvements (section 6) will be described. In section 7, exemplary65

experiments are described that use these novel capabilities.66

2. Cryo-furnace67

The ability to cool and heat the sample while it stays aligned in the neutron68

beam for in situ PNR is realized by a cryo-furnace, which is built up of a 4He-69

closed cycle cryostat with an integrated heater. This required a full re-design70

of the sample holder and the expansion of the main vacuum chamber by an71

attached dedicated cryostat chamber section. Special attention was also paid72

to the UHV compatibility of all parts inside the additional vacuum chamber.73

A CAD drawing of the cryostat vacuum chamber extension, attached to74

the main deposition chamber, is shown in figure 1. A photograph of the full75

setup as installed at the AMOR beamline is shown in figure 2. The vacuum76

chamber of the cryostat is designed to optimize the heat transfer from the sample77

holder inside the UHV deposition chamber to the cold head of the cryostat. It78

was custom designed in collaboration with ColdEdge Technologies2. It is made79

from a DN160CF stainless steel cross and a DN160CF tube extending it to the80

top. The cold head (Sumitomo RDK-408D2) is installed in a receptacle, which81

2905 Harrison Street, Allentown PA 18103 USA
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is recessed into the DN160CF tube and cooled by a compressor (Sumitomo82

F70H). To suppress the transfer of unavoidable vibrations, the cold head and83

the receptacle are separated by a ≈ 5 µm wide gap, which in turn is thermally84

bridged by flushing it with 4He gas.85

The sample holder made from gold-plated copper is in direct thermal contact86

with the receptacle via the cold finger. In order to minimize the intake of heat87

radiation, a gold-coated cold shield between the vacuum chamber and the cold88

rod is implemented along the full length of the cooling line. The movability of89

the sample holder and the capability to align it in the neutron beam is realized90

via a support rod, to which the sample holder is attached via a heat insulating91

and UHV-compatible PEEK connector. On its other end, the support rod is92

mounted on a DN100CF flange, which can be moved by the sample alignment93

stage described in [7]. Its design was not changed during the upgrade. It still94

allows exact movements in vertical (z) and horizontal (x) direction as well as95

rotations (θ) with position encoders installed on the θ and z axis as described96

in [7]. As novel additional alignment component, a single axis port aligner is97

integrated to compensate any bending of the rod for the sample holder. Both98

the cold shield and the support rod are cooled to ≈ 40 K by the cold head’s high99

temperature cooling stage, thus reducing the temperature difference between100

the cold parts and the shielding for realizing the minimum temperature of 10 K101

at the sample holder.102

A photograph of the sample holder and its surrounding is shown on the right103

hand side of figure 1. For heating, a heater cartridge HTR-25-100 from Lake104

Shore Cryotronics R© is used. A sapphire heat coupling interface is installed be-105

tween the sample holder and the connection to the cold finger. Sapphire is a106

good thermal conductor at low temperatures, but an excellent thermal insula-107

tor at elevated temperatures. As such, it forwards the cooling capacity of the108

cryostat directly to the sample holder at room temperature or below, but very109

efficiently blocks the heat from the heater cartridge to be transferred onto the110

cold rod at high temperatures. This allows the heating power of the heater car-111

tridge to be concentrated onto the sample holder while the cryostat is protected112
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from exposure to potentially harmfully elevated temperatures. The cold shield113

extends beyond the heat coupling interface. The heater cartridge as well as two114

temperature sensors, one Pt-100 and one DT-670B-SD are installed under the115

copper cover of the heat coupling interface. In addition, a K-type thermocouple116

sensor is mounted directly underneath the sample holder and another next to117

the connection to the cold finger. In total, they are used for controlling the118

temperature of the sample holder in the temperature range 10 K ≤ T ≤ 1000 K.119

The heater and all temperature sensors are controlled by a Lakeshore 336 tem-120

perature controller.121

The cryostat is connected to the main chamber via one of the DN160CF122

flanges, realizing a combined vacuum regime. The cryostat ensemble is sup-123

ported by a movable frame and a support made from aluminium profiles3. It124

can be lifted by up to 0.9 m to compensate any height difference of the ground125

levels of cryostat and sputter deposition chamber. This is of particular relevance126

as at the AMOR beamline, the vacuum system is positioned on the optical bench127

of the beamline, while the cryostat chamber rests on the lower lying main floor128

level next to the optical bench.129

3. UHV compatibility130

The base pressure of the deposition chamber in its first development phase131

was 1 × 10−6 mbar. The aim of improving the vacuum quality to a base pressure132

of < 5 × 10−9 mbar is to rule out any relevant surface contamination of a freshly133

deposited thin film by residual gas for the duration of a PNR measurement. The134

following approaches were taken to improve the vacuum quality:135

(i) The pumping concept of the chamber was fully revised: The main tur-136

bomolecular pump (Pfeiffer Vacuum TMP 200, 200 l/s) was replaced by an137

Edwards STP-iX455 with a throughput of 300 l/s. Further, an ion pump (Hosi-138

trad, 100 l/s) and a Ti-sublimation pump with LN2 cold trap were installed139

3Minitec R©
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Figure 1: CAD drawing of the cryo-furnace when attached to the main deposition chamber.

A photo of the disassembled sample holder including the heat coupling interface is shown on

the right hand side.

for binding water and pumping lighter gas species (e.g. H2), which cannot be140

pumped efficiently by pumps whose working principle is based on momentum141

transfer. Finally, an additional turbomolecular pump (Pfeiffer Vacuum HiPace142

Set 300 M, 300 l/s) with low vibrations was installed below the cryostat (figure143

2).144

(ii) All materials used inside the vacuum were re-evaluated for their UHV145

compatibility. All materials specified for only high-vacuum (HV) were replaced.146

This especially concerns the use of printed circuit boards and soldered electronics147

(internal slit system) as well as any polymer-based wire insulation. Also the148

internal pair of Helmholtz-coils, described in [7], was removed as it showed a149

higher outgassing rate than expected.150

(iii) Although the vacuum chamber was originally not designed for a bake-151

out, an internal heating concept based on halogen lamps as heating elements152

was realized. In total, four heating cartridges with a heating power of 200 W153

each are installed on sockets on a bottom plate inside the main chamber (figure154

4c). It aids in pumping the molecules with a low vapour pressure and desorption155
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Figure 2: The in situ PNR sputter deposition system with attached cryo-furnace ensemble,

mounted at the AMOR beamline at PSI. The newly implemented additional pumping com-

ponents, consisting of an ion pump and a Ti-sublimation pump with an integrated LN2 cold

trap can also be seen.

rate (mainly water molecules).156

In their combination, these measures allow a lower base pressure in a much157

shorter pumping time to be reached: A pressure of 1 × 10−7 mbar is achieved158

within 2 hours, a base pressure of 5 × 10−9 mbar within 1 day.159

4. Magnetic field160

As the geometry of the in-vacuum sample environment changed significantly161

due to the implementation of the cryo-furnace, the previously used guide fields162

and method to magnetize the sample needed to be adapted. In a first modifica-163

tion step, the Helmholtz coils of the original setup were omitted and replaced by164

NdFeB permanent magnets near the sample holder (figure 3). Depending on the165

permanent magnets used, homogeneous in-plane magnetic fields of up to 300 mT166
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Figure 3: CAD drawing (left) and photograph (right) of the magnetic field system that is

based on permanent magnets. ~B indicates the direction of the guide field. The connection

of the sample holder to the cold finger and support rod is hidden from view by the sputter

protection shield.

across the sample can be reached. For many scientific systems of interest, this167

field is sufficient to saturate the sample magnetically for PNR measurements.168

The sample magnets are part of the guide field yokes, which, before and after169

the sample position, generate a guide field of around 1 mT perpendicular to170

the scattering plane. As a consequence of the modified magnetic system, the171

deposition shutter also needed to be modified to account for the changed spa-172

tial boundary conditions. It is made from a 0.5 mm aluminium plate with an173

aperture and situated above the sample. In the closed position, the aluminium174

plate blocks the line of sight from the sputter gun to the sample. For sputter175

deposition, the shutter is rotated horizontally above the sample position until176

the aperture restores the direct line of sight. For finishing the deposition pro-177

cedure, the shutter is rotated further until the line of sight is blocked again.178

Newly implemented shields protect the cold finger with the temperature sensors179

from pollution by any sputtered material.180
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Although permanent magnets can provide a 10× higher magnetic field than181

the Helmholtz coils of the original setup, its major drawback is that the field182

strength cannot be varied during the course of the measurements and deposition183

processes until the sample is changed. In order to further improve experimental184

capabilities and to allow the magnetic profiles of thin films at various magnetic185

fields to be investigated, a novel coil-based vectorial magnetic system with a186

soft-iron core, which is cooled by water, was developed and will replace the187

permanent-magnets setup (figure 4b). Finite element simulations using COM-188

SOL Multiphysics R© predict a homogeneous field of more than 300 mT to be189

reachable at the sample position. Permanent magnets along the neutron flight190

path provide the neutron guide field. As special feature, the yokes of the real-191

ized magnet setup can also be used as electrodes for the application of in-plane192

electric fields. The magnetic system is mounted on the same bottom plate on193

which the heating elements are installed. The complete field system is con-194

structed such that the cryogenic setup and capabilities described in section 2195

can be maintained. To ensure a better overview, the cold finger and cooling196

shields are not shown here.197

5. Reorganization of Chamber Control198

With the upgrade of the in situ sputter deposition chamber, also the control199

hardware and software were entirely revised. Power supplies, pump and vacuum200

controllers, other required peripheral equipment as well as the control computer,201

which used multiple racks in the original setup, have now been combined into202

one single 19” double width rack.203

The devices are still addressed by the control computer via TCP/IP, USB204

or RS-232. However, a new Python command library was developed, which205

replaces the formerly used LabView R© software. It has a significantly simpler206

structure, is much easier to expand and communicates more reliably and faster207

with the beamline computers. Moreover, scripts for automating film deposition208

steps can now be easily written and executed with full flexibility.209
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OLIDWORKS Lehrprodukt - Nur für Lehrzwecke.
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Figure 4: (a) CAD drawing of the upgraded main chamber. (b) Drawing of the magnetic coil

system (wires of the coils are not shown) and (c) the upgraded heating system.
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For an overview on all status parameters, a novel graphical user interface210

was developed, based on the PyQt library [24]. It polls and refreshes the status211

of important device parameters approximately once per second. For the op-212

eration of the sputter chamber at neutron beamlines, a communication server213

was programmed which offers an interface for external computers. This inter-214

face enables the full and direct control of the in situ sputter chamber by the215

beamline computer, in particular the sample alignment and the film deposition.216

The source code of all the packages and their documentation are available at217

https://github.com/TUM-E21-ThinFilms [25] under the General Public Li-218

cense (GNU version 3.0).219

In addition to the computer control and the communication with the pe-220

ripheral components, also the electrical connections and the cable management221

of all devices were completely revised. The main purpose was a tidier wiring222

that is easy to maintain and which allows a simple integration of new devices.223

In the new power management system, every controller device is located inside224

the double-width 19” rack. The rack is powered by three 16 A 3-phase CEE225

electricity connectors. One of them powers three 24 VDC voltage sources. A226

central distributor platform inside the rack acts as an electric hub for all the227

power sources, either 230 VAC (star-connection), 400 VAC (delta-connection)228

or 24 VDC. This hub distributes the power to 50 triple-deck terminal blocks,229

where almost all devices of the rack and the chamber are connected.230

An aluminium front plate holds the most important control buttons and sta-231

tus indicators. On the rear side, an aluminium panel which contains feedthroughs232

for almost all outgoing cables of the devices inside the rack is installed. It works233

as a unified connection point for all cables which have to be connected to the234

deposition chamber.235

6. Further Technical Improvements236

Some additional small technical improvements of the deposition system were237

made:238
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• For the control of the gas pressure during sputter deposition, the orig-239

inally used mass flow controllers [7] were replaced by leak valves (VAT240

59024-GEGG) which are able to regulate the working gas pressure with241

an accuracy of better than 1% of any preset pressure.242

• A sputter process monitor (SPM 220 by Pfeiffer Vacuum) was installed243

to analyze the gas composition of the residual gas of the chamber at base244

pressure and of the working gas during the sputter deposition process.245

• For a more precise control of the sputtering power, two DC sputter power246

supplies (ADL GS 05 / 1000 V) with a minimum power of 2 W and a247

maximum power of 500 W replaced the originally implemented Trumpf248

TruPlasma DC 3001 power supply.249

• Cooling of the sputter guns and the power supply for RF-sputtering is250

now realized using an air-cooled recirculating cooler (Julabo FL4003). It251

is independent of central cooling water supply and can regulate temper-252

atures between −20 ◦C and 40 ◦C with a precision of 0.1 ◦C. The choice253

of the exact temperature of the sputter deposition source is important254

for materials whose sputtering yields depend on the temperature of the255

sputter target. In particular, magnetron sputtering of ferromagnetic tar-256

get materials is influenced by magnetic shielding of the sputter target. A257

very prominent example is Gd with a Curie temperature of TC ≈ 19 ◦C258

[26]. Here, the shielding effect can be completely suppressed if the target259

temperature is kept above TC by the temperature of the cooling liquid.260

7. Exemplary Experiments261

The completion of the development of the in situ sample environment for262

polarized neutron reflectometry (in situ PNR), and of the technique as such263

opens the door for novel experiments and investigations. In a first example,264

layered oxide/ferromagnetic tunnel junctions, which play an important role in265

modern spintronics and whose magnetic anisotropies, spin transport, and tunnel266
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magnetoresistance are directly coupled to the morphology of each layer, were267

investigated. In situ PNR at different stages of growth allowed a precise de-268

termination of the influence of the layers onto each other. This more detailed269

knowledge of the evolution and interplay of thin film properties during the depo-270

sition, which was not accessible before in ex situ measurements [27–29], provides271

a better understanding of the physics during the fabrication and opens up the272

opportunity to tune sample properties to desired needs.273

In another example, in situ PNR is used to study the time dependent evo-274

lution of the magnetic depth profile of magnetic La1–xSrxMnO3 (LSMO) thin275

films. The properties of magnetic oxide thin films often depend strongly on their276

oxygen stoichiometry [30]. Recent studies have shown that a Gd capping layer277

with its strong oxygen affinity is able to enforce an oxygen migration from ox-278

ide ferromagnets into the Gd capping layer over long distances (>40 nm). This279

process suppresses ferromagnetism and induces electronic and structural phase280

transitions [31, 32]. Using in situ deposition capabilities, a spatial and time281

resolved evolution the oxygen migration and its impact on the magnetization282

can be observed for different temperatures. The data can be used to control283

the oxygen distributions in metal-oxide heterostructures, which are not only de-284

signed according to their electronic and magnetic properties, but also thermal,285

optical and mechanical properties.286

8. Summary and Outlook287

The sputter deposition system for in situ and in operando experiments by288

means of the reflection of polarized neutrons is now fully developed and thus289

offering a broad range of sample conditions for the growth and in situ PNR290

analysis of a wide range of materials. Despite the restrictions imposed by the291

limited space available at neutron beamlines, sample temperatures in the range292

of 10 K to 1000 K and a variable magnetic field of up to 300 mT were realized.293

The yokes of the magnets can be additionally used as electrodes for the ap-294

plication of electric fields. The system is ultra-high-vacuum compatible with295
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a base pressure < 5 × 10−9 mbar. In combination with the drastically reduced296

data accumulation times achieved by using the Selene setup at AMOR [23], a297

sufficient cleanliness of the sample surface between the deposition steps could298

be maintained for all experimental cases investigated so far (e.g. [11, 13]).299

On the basis of the experience gained by operating the system, many hard-300

ware components were changed or optimized. On the software side, a Python301

package was developed which reliably controls the system and easily interacts302

with the computers that are used for controlling the beamline. A renewed device303

and cable management allows a simple overview of the distribution of power and304

signal cables, facilitating both an efficient troubleshooting and a simple expan-305

sion of the system.306

Together with the massively increased brilliance of the future European Spal-307

lation Source (ESS) in combination with improved neutron optical concepts, the308

in situ PNR technique may be enhanced to a quasi in operando mode, where309

individual PNR measurements can be taken within a few seconds or even below310

a second and the growth can be monitored without interrupting the deposition311

process. The upgraded in situ PNR sputter chamber is therefore not only useful312

for present in situ PNR experiments but pioneers the experience and knowledge313

for the potential implementation of the quasi in operando technique at ESS.314
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O. Stéphan, J.-M. Triscone, Interfacial control of magnetic proper-339

ties at LaMnO3/LaNiO3 interfaces, Nano letters 15 (2015) 7355–7361.340

doi:10.1021/acs.nanolett.5b02720.341

[5] J. Giergiel, J. Kirschner, J. Landgraf, J. Shen, J. Woltersdorf, Stages342

of structural transformation in iron thin film growth on copper (100),343

Surface Science 310 (1994) 1–15. URL: http://www.sciencedirect.com/344

science/article/pii/003960289491365X. doi:10.1016/0039-6028(94)345

91365-X.346

[6] L. Brey, Electronic phase separation in manganite-insulator interfaces,347

Physical Review B 75 (2007) 104423. URL: http://link.aps.org/pdf/348

10.1103/PhysRevB.75.104423. doi:10.1103/PhysRevB.75.104423.349

[7] A. Schmehl, T. Mairoser, A. Herrnberger, C. Stephanos, S. Meir, B. Förg,350
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M. Pomm, P. Böni, J. Mannhart, In situ polarized neutron reflectome-372

try: Epitaxial thin-film growth of fe on cu(001) by dc magnetron sputter-373

ing, Physical Review Applied 7 (2017). doi:10.1103/PhysRevApplied.7.374

054004.375

[12] D. L. Cortie, G. L. Causer, K. C. Rule, H. Fritzsche, W. Kreuzpaint-376

ner, F. Klose, Two–dimensional magnets: Forgotten history and re-377

cent progress towards spintronic applications, Advanced Functional Ma-378

terials (2019). URL: https://onlinelibrary.wiley.com/doi/full/10.379

1002/adfm.201901414. doi:10.1002/adfm.201901414.380

17

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



[13] S. Mayr, J. Ye, J. Stahn, B. Knoblich, O. Klein, D. A. Gilbert,381
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